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Abstract 
 
This project assesses two aspects of DNA detection of Phytophthora species from soil 
samples. Firstly, a nested PCR protocol was established with both primary and nested PCR 
specific for P. cinnamomi detection. PCR amplification of P. cinnamomi  DNA isolated 
from soil was optimised with the addition of bovine serum albumin and formamide. This 
was found to improve both the specificity and sensitivity of PCR amplification of DNA in 
the presence of inhibitors co-extracted along with the target DNA from soil samples. The 
application of diagnostic nested PCR with the addition of BSA and formamide was verified 
by comparison with routine culture based detection methods. In all cases, nested PCR 
detection incorporating BSA and formamide was found to be considerably more sensitive 
than the culture based detection methods. 
 
The second component of this thesis investigates the simultaneous detection of multiple 
species of Phytophthora using microarray analysis. Microarray based detection has been 
previously limited by variable and inconsistent hybridisation intensities across the diversity 
of probes used in each array. In this study a novel concept for the differentiation of 
detection targets using duplex melting kinetics is introduced.  A microarray assay was 
developed on a PamChip® microarray enabling the differentiation of target Phytophthora 
species using the melting kinetics of probe-target duplexes. In the majority of cases the 
hybridization kinetics of target and non-target duplexes differed significantly. Analysis of 
the melting kinetics of duplexes formed by probes with target and non-target DNA was 
found to be an effective method for determining specific hybridization and was independent   10
of fluctuations in hybridization signal intensity. This form of analysis was more robust than 
the traditional approach based on hybridisation intensity, and allowed the detection of 
individual Phytophthora species and mixtures there of.   11
 
Chapter 1 
 
Literature Review   12
Introduction 
 
Members of the genus Phytophthora are responsible for widespread damage of agricultural, 
native and ornamental plants worldwide. The potential for improved control of these 
pathogens mean the development of molecular detection techniques for these species is 
likely to be economically viable considering the losses associated with the diseases they 
cause. 
 
This PhD project investigates the detection of Phytophthora cinnamomi using nested PCR 
and microarray technologies. As such, this literature review is composed of three sections. 
The first section outlines the biology, aetiology and epidemiology of P. cinnamomi. The 
second addresses the detection and management of Phytophthora species. Finally, the third 
section focuses on molecular detection and contrasts the various methods available for 
pathogen detection. This section covers diagnostic PCR as well as multiplex and 
microarray detection methods currently available. 
 
1.1  Phytophthora species 
 
The genus Phytophthora includes plant pathogenic fungi responsible for a range of diseases 
on many plant species worldwide. The name Phytophthora is derived from the Greek words 
phyton (plant) and phthora (destroyer) and reflects the destructive potential of these 
pathogens to host plants (Zentmyer 1983).The majority of these species cause root and stem 
rots, and stem blights on a broad range of host plants and have the potential to cause up to 
100% loss in plant production within one year (Themann et al. 2002). As such, these 
species are of economic and environmental importance in many different plant systems   13
including natural ecosystems, agriculture, forestry and horticulture (Hardy and 
Sivesithamparam 1988). The broad host range of many Phytophthora species also means 
that it is possible for several species to be present within a single system at any one time. 
For example, P.  cinnamomi, P.  citricola, P.  citrophthora, P.  cryptogea, P.  drechsleri, 
P. gonapodyoides,  P. haveae,  P. lateralis,  P. megasperma,  P. nicotianae  and P.  syringae 
are all root pathogens of woody ornamental tree species in nursery systems with the 
possibility of being spread to wherever the plants are sold (Ferguson and Jeffers 1999; 
Hardy and Sivesithamparam 1988). Furthermore, the epidemic recognised as “Jarrah 
dieback” in the south-west of Western Australia may be caused by P. cinnamomi, 
P. citricola, P. cryptogea, P. megasperma var. sojae or P. nicotianae (Shearer et al. 1987). 
 
The taxonomic classification of Phytophthora species has been regularly updated with the 
integration of structural, biochemical and DNA characteristics (Cooke et al. 2000; Cooke 
and Duncan 1997; Hardham 2005).  According to the most recent taxonomic review, 
P. cinnamomi Rands is classified in the kingdom Chromista; Phylum Oomycota; order 
Peronosporales; family Peronosporaceae and genus Phytophthora (Hardham 2005). This 
new classification recognises the genetic and biochemical disparity between Phytophthora 
and other fungi. However, for most purposes Phytophthora  species are considered as 
members of the "Union of fungi", reflecting their fungus-like hyphae and nutrient 
acquisition (Barr 1992; Hardham 2005). 
   14
During ideal conditions of adequate soil water content and temperature, the production of 
zoospores leads to a rapid increase in disease incidence. Zoospore production is further 
increased in P. cinnamomi by the consecutive production of sporangia on a single 
sporangiophore (Zentmyer 1983). With each sporangia producing up to 30 zoospores, the 
resultant increase in infection potential is great (Zentmyer 1983). 
 
Biochemically, the Pythiaceae are notably different from fungi, with cell walls primarily 
composed of β-1,3-glucans,  β-1,6-glucans and β-1,4-glucans and not chitin as in true 
fungal species (Bartinicki-Garcia and Wang 1983). Pythiaceae are unable to synthesise 
sterols requiring an exogenous supply of β-hydroxy sterols. This lack of sterol synthesis 
means pythiaceous fungi are resistant to polyene antibiotics such as pimaricin which inhibit 
fungi that utilise these biochemical pathways (Hendrix and Campbell 1970). 
 
 
1.1.1  Phytophthora cinnamomi 
 
Rands first described Phytophthora cinnamomi in 1922 when it was found to be the cause 
of stripe canker on cinnamon in Sumatra. It is thought that P. cinnamomi originated in the 
South East Asian region and was spread throughout the world on contaminated plant 
materials by early European traders (Zentmyer 1983).  It has since been found to be a root 
rotting pathogen of well over 1000 plant species from a wide range of families (Weste and 
Ruppin 1977). Its host range includes many agricultural, ornamental and Australian native 
plant species (Erwin and Ribeiro 1996; Hardy and Sivesithamparam 1988).  
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The continued spread of P. cinnamomi throughout Australian native forests and 
horticultural regions pose serious problems for forest and agricultural management (Podger 
1972). P. cinnamomi is responsible for the decline of thousands of hectares of native forest 
in Western Australia and Victoria (Keane 1997), and root rots in various horticultural crops 
including olive, almond, cherry and avocado (Erwin and Ribeiro 1996). The wide host 
range of P. cinnamomi means it is a key soil-borne pathogen in the nursery industry (Hardy 
and Sivesithamparam 1988).  
 
In Western Australia, the most prevalent Phytophthora species is P. cinnamomi, which is a 
major soil-borne pathogen in native vegetation throughout the southwestern region of the 
state. The direct and indirect cost of control of this single pathogen poses huge costs to the 
mining industry, local councils, forestry and tourism. P. cinnamomi is also having a 
enormous impact on the ecology of native forests throughout the region (Hardy et al. 1996). 
It has major ecological consequences in the maintenance of flora and fauna biodiversity, 
causing considerable changes in the structural composition of infested ecosystems (Hardy 
et al. 1996; Wilson et al. 2000).  
 
1.1.2  Biology 
 
Isolates of P. cinnamomi often display variability under in vitro conditions. This variation 
extends to colony morphology, pathogenicity, antibiotic tolerance, and temperature and 
nutrient responses. In addition, the production of an abundance of reproductive structures is 
highly erratic (Zentmyer 1983). On corn meal agar (CMA) colonies of P. cinnamomi are 
typically colourless with coralloid type growth, have little aerial mycelium and prolific 
growth within agar (Gerrettson-Cornell 1983; Zentmyer 1983). The young mycelium   16
consists of coenocytic hyphae ranging in diameter from 5 to 9 μm. Older hyphae strands 
often have adventitious septa, however the frequency of septation varies greatly between 
isolates (Gerrettson-Cornell 1983; Zentmyer 1983). The hyphae have numerous 
protuberances developing as single lateral hyphal swellings with a gnarled appearance 
interspersed irregularly throughout the mycelium. In P. cinnamomi, these hyphal swellings 
are not separated from the main thallus by septa, as is the case with hyphal swellings in 
Pythium species (Erwin and Ribeiro 1996). These characteristic hyphal formations often 
occur in clusters interspersed with sections of finer, elongated hyphae (Royle and Hickman 
1963). 
 
Zoosporangia of P. cinnamomi, as with many Phytophthora species, are highly variable in 
morphology. Sporangia tend to be symmetrical or slightly asymmetrical, but may vary in 
shape from broadly ovoid, elipsoid, limoniform to obpyriform (Gerrettson-Cornell 1983). 
They are, however, characteristically non-papillate and have a pedicel length averaging 2.5 
μm. The production of sporangia by P. cinnamomi in axenic conditions can be inconsistent 
and usually requires nutrient depletion and flooding to induce production (Gisi et al. 1980). 
The release of kidney-shaped motile zoospores from sporangia into the free water within 
the soil is primarily responsible for the spread of P. cinnamomi thr oughout a site. As a 
consequence, the pathogen is spread along watercourses and downhill from initial infection 
sites (Weste and Ruppin 1975). 
   17
Production of resistant chlamydospores aids the survival of some strains of P. cinnamomi 
during periods of unfavourable conditions (Weste and Vithanage 1978a). Chlamydospores 
may be produced in groups or singly, but are not observed in all strains of P. cinnamomi 
(Gerrettson-Cornell 1983). 
 
P. cinnamomi is a heterothallic species with two mating types; A1 and A2. The A2 mating 
type has a wider distribution than A1, meaning that the expression of sexual reproduction 
varies depending on the presence of both mating types (Linde et al. 2001). Sexual oospores 
are formed within an oogonium following fertilisation from a compatible antheridium 
(Elliot 1983). In the soil, oospores are formed less frequently than chlamydospores, 
signifying that reproduction in P. cinnamomi is most commonly asexual (Dobrowolski et 
al. 2003). 
 
1.1.3 Aetiology and epidemiology 
 
P. cinnamomi has a complicated life cycle with many life forms enhancing its survival 
within the soil (Zentmyer 1983). During periods of unfavourable temperature and moisture 
conditions, P. cinnamomi is thought to survive primarily as chlamydospores and mycelium 
within the soil and host tissues (McCarren et al. 2005). P. cinnamomi can persist in 
symptomless plants, debris and soil for a number of years (Kong et al. 2003). These 
sources of inoculum enable the prompt restoration of the population with the return of 
favourable conditions. Rapid production of infective zoospores further enhances the 
persistence and spread of the pathogen to new host plants (Weste and Vithanage 1978b). 
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Unlike many soil-borne plant pathogens, P. cinnamomi is polycyclic, increasing its soil 
inoculum from very low to very high levels within a short period of time (Weste 1983). 
This is primarily through the prolific production of zoospores under favourable conditions 
(Zentmyer 1983). A short generation time and large reproductive capacity further 
contribute to the increase in disease potential.  
 
Infection of the roots and collar of host plants by P. cinnamomi restricts the supply of water 
and nutrients to the remainder of the plant (Wilson et al. 2000). Symptoms associated with 
infection by P. cinnamomi  include dieback, chlorosis and rapid death of the plant. In 
natural ecosystems, these symptoms are first observed on highly susceptible understorey 
plant species (Laidlaw and Wilson 2003).  
 
1.1.4  Spread of P. cinnamomi 
 
The introduction of P. cinnamomi into uninfested areas is primarily associated with the 
movement of soil or infected plant material harbouring the pathogen (Hardy et al. 2001). 
Until the introduction of strict hygiene practices in the nursery industry, nursery stocks 
were one of the main vectors for the spread of P. cinnamomi in ornamental and agricultural 
plant materials (Hardy and Sivesithamparam 1988). Movement of large quantities of soil in 
road development and the use of large earth moving equipment in ongoing road 
maintenance has also been associated with the transfer of P. cinnamomi into unaffected 
areas (Hardy et al. 2001). Other key factors include the spread of the pathogen from 
infested sites by water movement and the transport of soil during mining, on vehicles and 
footwear. 
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1.1.5 Management of P. cinnamomi 
 
P. cinnamomi poses several difficulties for management as it is can persist in plants, plant 
debris or soil for long periods without causing visible symptoms (Kong et al. 2003). 
Furthermore, the degree to which P. cinnamomi may be managed varies greatly between 
agricultural, nursery and native plant systems. In controlled environments, cultural and 
chemical methods may be implemented to limit or eradicate the pathogen (Erwin and 
Ribeiro 1996). In Australian native ecosystems the use of both chemical and cultural 
control is limited by the toxicity of the chemicals in current use, and, the vast area and 
inaccessibility of diseased areas (Jackson et al. 2000; Tynan et al. 2001). However, several 
strategies can be employed to limit its spread or impact. 
 
1.1.5.1   Cultural  control  of  P. cinnamomi 
 
In all systems affected by P. cinnamomi, hygiene and quarantine are vital in controlling the 
pathogen.  This is of particular importance in native systems where other methods of 
control are often impractical (Hardy et al. 2001). Quarantine is the first line of defence for 
all exotic plant pathogens. Quarantine may be exercised on a local scale to prevent the 
movement of infected materials from infested areas to those free of the pathogen. This is 
preferable to dealing with the pathogen once it has been introduced as eradication is 
generally not fesible (Hardy et al. 2001). Quarantine is the most affective management 
strategy for soilborne pathogens in which the spread of the pathogen is relatively slow. By 
using wash down stations and limiting human and vehicular movement through the infected 
area the spread of P. cinnamomi can be minimized (Hardy et al. 2001). 
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In agricultural systems, prior knowledge of the presence of P. cinnamomi  allows the 
selection of species or cultivars resistant or tolerant to P. cinnamomi. While this is often not 
possible in native plant systems, plants which have been selected for their tolerance or 
resistance to P. cinnamomi may be used for rehabilitation after the pathogen has been 
introduced to a region or in the rehabilitation of native ecosystems. For example, various 
Australian native plants have been identified as displaying resistance to P. cinnamomi 
infection and may be used to revegetate infested sites (Groves et al. 2003). 
 
The soil organic content can be manipulated in horticultural systems as a method of cultural 
control (Menge et al. 2001). Enhancing soil organic matter increases the proportion and 
activity of competitive micro-organisms. As P. cinnamomi  has poor saprophytic 
competitiveness this can effectively limit its activity within the soil (Weste and Vithanage 
1977). The improvement in soil nutrition and plant health may also inadvertently increase 
the plant’s tolerance of P. cinnamomi by improving its defence responses and ability to 
endure low levels of infection. P. cinnamomi is most damaging to stressed host plants, 
particularly when the conditions are favourable for growth of the pathogen (Menge et al. 
2001). 
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1.1.5.2   Chemical control of P. cinnamomi 
 
Pythiaceous oomycetes are not controlled by many fungicides as they are not reliant on 
sterol synthesis which is inhibited by these chemicals in true fungal pathogens (Bartinicki-
Garcia and Wang 1983). Despite this, there are several chemicals which do control 
Pythiaceous species including phenylamide, dimethomorph and phosphonate fungicides. 
Metalaxyl (Ridomil ®) has been widely used as a systemic and curative fungicide for the 
control of Phytophthora species in agriculture  (Gisi and Cohen 1996). However, resistance 
to metalaxyl has been observed in many systems in which this fungicide has been applied 
(Coffey and Brower 1984). The development of resistance to metalaxyl is one of the key 
limitations in the management of Phytophthora diseases within agricultural systems. 
 
In native ecosystems management of P. cinnamomi  is limited by the inability to utilise 
conventional fungicide treatments which are often phytotoxic to Australian native plant 
species, expensive and impractical on such a large scale (Aberton et al. 2001; Weste and 
Law 1972). In recent years, phosphite has been found to be a more ecologically friendly 
alternative to the use of metalaxyl fungicide for the treatment of P. cinnamomi infestation 
(Guest and Grant 1991). Application of phoshite has been shown to induce resistance to 
P. cinnamomi in otherwise susceptible plant species (Guest and Bompeix 1990). However, 
the efficiency of foliar phosphite applications in controlling P. cinnamomi varies within 
diverse plant communities (Hardy et al. 2 0 0 1 ) .  T h e  c o s t  o f  e f f e c t i v e  a n d  w i d e s p r e a d  
phosphite application currently limit its use to the protection of ecosystems of high 
conservation value. 
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1.2 Detection  of  Phytophthora species in soil and plant material 
 
Detection is the primary weapon against plant pathogens as early and reliable detection is 
crucial for the containment of plant diseases (Eden et al. 2000).  It is vital that plant 
pathogens are detected early in the disease cycle to allow the implementation of 
management strategies and limit further spread of the pathogen. Detection assays are 
required for efficient plant disease management to monitor the proliferation of pathogens 
and accurately diagnose and survey suspected infestations (Judelson and Messenger-Routh 
1996). This is especially the case for many tree and soil borne diseases such as those caused 
by P. cinnamomi in which visual symptoms are often minimal until the pathogen is well 
established (Kong et al. 2003). As P. cinnamomi is a soil-borne plant pathogen, detection 
and diagnosis of dieback disease is impeded by the inability to assess the diseased plant 
until symptoms develop on the above ground plant tissues (Aberton et al. 2001). 
Furthermore, inconsistent or latent symptom expression and infection by secondary 
pathogens means pathogen diagnosis based on symptom development may be too late for 
affective management to be undertaken.  Detection of the P. cinnamomi from soil samples 
is, therefore, very important for disease management (Eden et al. 2000). 
 
1.2.1 Detection by direct plating and baiting 
 
Current routine methods for the detection and identification of Phytophthora species 
involve isolating the pathogen directly from soil samples onto antibiotic media. These 
isolates are identified by formal macroscopic and microscopic taxonomy (Tsao and Guy 
1977). Such methods have several biases in that they favour isolates which are faster 
growing and readily cultured. Consequently, they do not yield an accurate representation of 
P. cinnamomi population as slower growing or dormant isolates may be missed, and false   23
negatives are common (Davison and Tay 2005; Huberli et al. 2000; Marks and Kassaby 
1972; Tsao and Guy 1977). Culturing pathogenic species is labour intensive, time 
consuming, error prone, has low throughputs and requires a high degree of technical 
expertise. Consequently, these are too inefficient and lack reliability for routine pathogen 
detection (Coelho et al. 1997; Dobrowolski and O'Brien 1993). The complexity of these 
techniques limits the diagnosis of Phytophthora infestation at early stages in pathogen 
outbreak, delaying the implementation of control measures beyond the point when they 
would be maximally effective (Kong et al. 2003). 
 
Detection by baiting involves flooding soil samples with water and then floating 
susceptible pieces of plant material on the water surface. These are left for several days 
whereby motile zoospores produced by Phytophthora species within the soil sample 
colonise the bait material. These are plated on antibiotic medium and incubated to enable 
the Phytophthora isolates to grow and be isolated. Isolation of P. cinnamomi within the 
baiting material prior to plating on artificial medium improves the likelihood of recovering 
the pathogen compared to direct plating methods (Tsao 1960). 
 
Various chemical and biological inhibitors present in soil samples impede detection of 
Phytophthora species in baiting assays (Tsao 1983). Recovery from baiting is most 
successful using high water to soil ratios. Whilst the specific ratios differ between 
researchers, Erwin and Ribeiro (1996) suggested that a ratio greater than 4 is required to 
dilute these inhibitory factors sufficiently. Physical blocking of zoospore release from soil 
samples can also limit the detection of low levels of inoculum from thick layers of soil. 
Detection is, therefore, most sensitive when thin layers of soil are baited (Eden et al. 2000).  
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Baiting methods are used extensively for routine detection of P. cinnamomi as they are do 
not require highly sophisticated laboratory equipment. However, the use of these 
techniques is limited by high labour costs, variable detection and the inability to detect low 
levels of the pathogen leading to false negatives in detection analysis (Eden et al. 2000). 
 
1.2.2  Immunological Detection 
 
Various immunological assays have been developed to detect a range of plant pathogens 
including P. cinnamomi (Cahill and Hardham 1994). These methods involve the generation 
of monoclonal antibodies which recognize species specific surface antigens on the target 
species. In the case of P. cinnamomi, this has been achieved with antibodies targeting a 
surface protein on zoospores (Cahill and Hardham 1994).  Such detection is advantageous 
in that it can be performed very quickly and directly on the soil sample being analysed. 
Immunological assays have been shown to detect down to 40 zoospores per millilitre of 
water (Cahill and Hardham 1994). However, they are limited by cross species reactivity 
and reliance on the production of the particular life stage expressing the target antigen for 
detection to be possible (Cahill and Hardham 1994).  
 
1.3   DNA Detection Methods 
 
Increasingly, DNA detection methods are being used as they are specific, rapid and 
sensitive (Weller-Alm et al. 2000). While P. cinnamomi isolates vary considerably in their 
production of zoospores and growth on artificial media, DNA is present independently of 
the developmental stage and may be directly targeted for pathogen detection. In addition, 
DNA detection is faster and more reliable than culture based detection methods (Bonants et   25
al. 2003). Furthermore, processing of samples for DNA analysis is increasingly being 
adapted for high throughput, automated processing, significantly reducing the cost of 
processing high numbers of samples (Martin et al. 2000). Consequently, DNA detection 
methods overcome many of the problems associated with conventional culture and 
immunological based methods of detecting Phytophthora species (Coelho et al. 1997).  
 
The polymerase chain reaction (PCR) has revolutionised the application of molecular 
biology to a range of applied biological fields and is one of the most efficient and useful 
techniques employed during nucleic acid detection (Legay et al. 2000). PCR is a rapid 
method of producing many copies of a specific segment of DNA (Campbell 1996). PCR 
replicates short DNA sequences in vitro using DNA polymerase to extend species specific 
oligonucleotide primer sequences. By repeating the replication cycle DNA sequences are 
amplified over 20-30 reaction cycles; exponentially increasing the number of targeted 
sequences with each succession (Campbell 1996; Henson and French 1993). PCR enables 
amplification from a single cell of a target organism and hugely increases the sensitivity of 
DNA based detection (Henson and French 1993). This theoretically enables the 
amplification of a single copy of a target DNA region in an exponential fashion to produce 
millions of copies of the target gene fragment (Bohm et al. 1999). 
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1.3.1 PCR Detection of P. cinnamomi  
 
PCR assays have been developed which target a number of regions in the P. cinnamomi  
genome (Table 1.1) (Coelho et al. 1997; Kong et al. 2003). Although suitable sets of 
primers have been identified, neither study addressed the sensitivity of detecting 
P. cinnamomi from soil and plant material. Coelho et al. (1997) used PCR diagnostic 
assays to identify isolates sourced from infected root and soil samples from Quercus suber 
plants, but did not apply their assay directly to DNA extracts from infested soil samples. 
Kong  et al. (2003) investigated the sensitivity of detection from artificially inoculated 
soilless medium and found PCR detection was at least 10 times more sensitive than baiting. 
However, this study did not assess the sensitivity of detection in the presence of PCR 
inhibitors, nor did it address the detection of P. cinnamomi from naturally infested soils.    27
 
 
 
 
Table 1.1: Diagnostic primer sets previously shown to produce specific PCR products for P. cinnamomi 
Target Region  Primer  Sequence  Amplicon 
Length 
Authors 
95.422 GCTCGTGAGTATCCTGTCCG  Cinnamomin gene 
96.007 CTCAGTAAATGGCTAGCCCGATAC 
349 bp  Coelho et al., 
1997 
GTGCAGACTGTCGATGTG  Putative storage 
protein,  large 
peripheral vesicles in 
zoospores 
Lpv3 
GAACCACAACAGGCACGT 
450 bp  Kong et al., 2003 
 
 
Diagnostic PCR primers have been developed for a range of species of Phytophthora other 
than P. cinnamomi (Bonants et al. 2004; Grote et al. 2002; Hayden et al. 2004; Ippolito et 
al. 2002; Martin et al. 2004; Nechwatal et al. 2001; Tooley et al. 1997). Of these several 
have targeted the internal transcribed spacer (ITS) regions of ribosomal DNA and adopted 
nested PCR protocols to further improve the sensitivity of detection from soil and plant 
samples (Grote et al. 2002; Ippolito et al. 2002; Martin et al. 2004). 
  
The ITS region is a common target for PCR detection as the ribosomal genes are present in 
many copies within each cell, effectively increasing the concentration of target DNA 
(Hayden et al. 2004). Ribosomal DNA and the incorporated ITS1 and 2 regions contain 
unique and conserved regions of DNA which make them ideal targets for diagnostic PCR 
(Coelho et al. 1997; Lindsley et al. 2001). The balance of variation and conservation in the 
ITS region allows multiple primers to be designed for different species of Phytophthora 
(Bailey et al. 2002). Highly conserved regions in the ribosomal genes may be targeted by   28
universal primers to amplify a range of related species, while variable regions in the ITS 
regions enable individual species to be differentiated (Figure 1.1) (White et al. 1990). A 
further advantage is that this region has been extensively sequenced for the majority of 
species of Phytophthora and other closely related species (Cooke et al. 2000; Cooke and 
Duncan 1997). This aids in the design of species specific primer sets (Hayden et al. 2004).  
 
 
 
 
Figure 1.1 Diagrammatic representation of the nuclear ribosomal DNA regions. The three regions 
encoding the 18S, 5.8S and 28S subunits of rRNA are highly conserved, while the ITS1 and ITS2 
regions contain regions of sequence variation which may be targed for species specific diagnostic 
analysis. 
 
 
Nested PCR involves re-amplification of an initial PCR product with primers internal to 
those of the primary PCR amplicon (Grote et al. 2002). This technique has been shown to 
increase the sensitivity of PCR detection up to 1000 fold in plant pathology applications 
(Grote et al. 2002; Hayden et al. 2004). In addition, nested PCR allows for further selection 
as the specificity of detection may be dictated in both the first and second rounds of PCR 
(Grote et al. 2002). Nested PCR has been widely adopted in the detection of plant, animal 
and human pathogens (Legay et al. 2000). Due to low levels of target inoculum, it is 
common for diagnostic PCR of plant pathogens to require a nested design (Hayden et al. 
2004). This is especially the case for the detection of soil-borne pathogens (Grote et al. 
2002). 
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1.4  Detection of multiple pathogen species by microarray technology 
 
Distinguishing between different Phytophthora species can be difficult but necessary, 
particularly where more than one species of Phytophthora can be responsible for the same 
plant diseases. ‘Jarrah Dieback’ in the south-west of Western Australia, while 
predominantly caused by P. cinnamomi, may also be caused by P. citricola, P. cryptogea, 
P. megasperma var. sojae and P. nicotianae (Shearer et al. 1988; Shearer et al. 1987). Also, 
oak decline in Europe has been attributed to several species of Phytophthora including P. 
quercina,  P. cambivora,  P. citricola,  P. cactorum,  P. gonapodyides and P. megasperma 
(Jung et al. 2004). In many cases, the causal organism must be identified as Phytophthora 
species vary in their potential impact on different vegetation types and geographical areas, 
thus affecting the control methods implemented. 
 
Although PCR has been a quantum leap in our ability to detect pathogens, application of 
these techniques is limited by the inability to efficiently analyse multiple pathogens within 
single assays (Winton and Hansen 2001). Multiplex PCR is effective for detecting a few 
pathogens, but as more primers are added the sensitivity is decreased and there is an 
increased risk of producing non-specific products. These problems are avoided using 
universal amplification with post PCR analysis of the amplification products (Anthony et 
al. 2000).  This has led to the development of detection methods enabling the simultaneous 
detection of multiple microorganisms from individual DNA extracts (Spiro and Lowe 
2002). Microarray technology is one potential tool which can be utilised to detect multiple 
organisms within biological samples (Call 2005). Such techniques will improve the 
economics of pathogen detection by enabling simultaneous detection of suites of 
pathogenic and beneficial organisms (Martin et al. 2000).   30
 
1.4.1 Microarrays 
 
Microarrays enable detection of multiple (up to 200,000) sequences in within a single assay 
(Rogers et al. 1999). Probe sequences for each species are immobilized on a solid support 
and hybridised with fluorescently labelled target DNA. Fluorescence associated with the 
hybridization of each target species gives a quantitative estimation of each species within 
the soil sample (Lemieux et al. 1998). Microarrays utilize bioanalytical methods which are 
conducive to automation (Small et al. 2001) and are a powerful tool for parallel detection of 
multiple species (Loy et al. 2002). Improvement in microarray printing technology has 
been associated with the miniaturisation and increased density of probes printed on each 
array further improving the potential for high throughput multiplex analysis (Marshal and 
Hodgson 1998). Microarray technology was initially developed as a powerful means of 
analysing gene expression and regulation across entire genomes (Wu et al. 2001). 
However, this technology has since been extended to various diagnostic applications 
(Laassri et al. 2003; Small et al. 2001). 
 
1.4.2 Application of microarrays to analyse microbial populations 
 
In recent years there has been a huge expansion in the application of microarray technology 
to environmental microbial analysis (Guschin et al. 1997; Loy et al. 2002; Nogales et al. 
2002; Rudi et al. 2000; Sebat et al. 2003). Such studies have investigated the detection of 
bacteria and cyanobacterial species from water, soil and silt samples (Loy et al. 2002; 
Small et al. 2001). To date, these studies have primarily concentrated on population and 
functional population profiling of bacterial communities (Bodrossy 2003; Small et al. 
2001). More recently, microarray technologies have extended to the detection of individual   31
species from environmental samples. This development has shown the potential of 
detecting multiple plant pathogens by microarray analysis using hundreds of probes 
targeting different strains, species or genera of pathogenic organisms (Bodrossy 2003).  
 
1.4.3 The 3D microarray 
 
The majority of applications of microarray technology have utilised solid glass slide 
platforms with a range of arrays for transcriptional analysis available from companies such 
as Affymetrix (Beuningen et al. 2001). These two dimensional platforms are limited by the 
rate of diffusion of the target DNA and the inability to carry out real time analysis of 
hybridisation (Kohara 2003). Such systems require hybridization for between 12 and 24 
hours as well as separate hybridizations for each hybridisation temperature (Loy et al. 
2002). This limits discrimination between specific and non-specific hybridisation of probes 
with different thermostabilities (Dai et al. 2002).  
 
Various flow-through microarray systems are being developed to overcome low diffusion 
rates and long hybridisations times of two dimensional microarrays (Beuningen et al. 2001; 
Kohara 2003). PamChip Microarrays (PamGene International) are a three dimensional 
arraying platform consisting of a porous, flow through substrate mounted within a 
hybridization chamber (Anthony et al. 2003). This system drastically reduces hybridization 
times, allows real time monitoring of hybridization reactions, and enables the hybridization 
temperature or buffer to be varied throughout the experiment. Kinetic curves can be 
generated for each hybridization reaction to characterize probes-target duplex with more 
stringency at a temperature, which is discriminatory for each probe (Anthony et al., 2003). 
These features give this technology greater potential for high throughput detection   32
applications. Anthony et al. (2000) demonstrated the potential of using this system as a 
diagnostic tool, by successfully differentiating a broad range of bacterial species. Their 
study assessed one or at the most two probes for each species and found that non-target 
hybridization limited diagnosis in some cases. While they demonstrated the benefits of the 
flow-through substrate and potential for diagnostic applications of this technique the kinetic 
and real time analysis of microarray hybridization with the PamGene microarray system 
was not fully exploited. As such, the use of these attributes to differentiate non-specific 
hybridization signals is yet to be fully explored. Furthermore, three dimensional microarray 
technologies are yet to be applied to the detection of multiple closely related species or 
plant pathogenic organisms.   
 
1.5 Summary 
Although microarray analysis has huge potential for analyzing samples containing multiple 
pathogens, PCR amplification of the detection products is often required to achieve 
sufficient sensitivity in most diagnostic applications (Bodrossy 2003). This is especially the 
case when target species are present in low abundance. Consequently, there are three key 
stages in multiplex analysis using microarrays. These are the extraction of DNA from the 
soil sample, amplification of target DNA and the analysis of amplification products. As a 
great deal of work has addressed the extraction of DNA from soil samples (Claassen et al. 
1996; Cullen and Hirsch 1998; Miller et al. 1999; Trevors 1992; Volossiouk et al. 1995; 
Yeates et al. 1998), the amplification of target DNA from soil and analysis of multiple 
species of Phytophthora are investigated during this study. 
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The efficiency of PCR amplification is investigated with the design and application of a 
nested PCR assay for the detection of P. cinnamomi. Amplification is first optimized for 
amplification of DNA extracts from soil, assessed for detection sensitivity and compared to 
the baiting methods currently used for P. cinnamomi diagnostics. In addition, issues of PCR 
inhibition and sensitivity are assessed, as they are central to all DNA based diagnostic 
techniques requiring DNA amplification. The later component of this thesis investigates the 
analysis of DNA products from eight species of Phytophthora by microarray analysis. In 
doing so, a novel concept is presented for differentiating between each of these closely 
related species. Factors governing microarray hybridization are also explored.   34
The objectives of this research were: 
 
1.  To develop and optimise a nested PCR diagnostic test for P. cinnamomi 
(Chapter 2). 
2.  Optimise the sensitivity and specificity of PCR amplification from soil extracts 
using PCR additives (Chapter 3). 
3.  Compare the detection of P. cinnamomi by traditional baiting methods and nested 
PCR (Chapter 4). 
4.  Develop a microarray test for the detection of multiple species of Phytophthora 
(Chapter 5).  
5.  Investigate the nature of probe-target duplex formation on a flow-through 
microarray substrate (Chapter 6). 
   35
  
Chapter 2 
 
PCR design, optimisation and specificity 
   36
2.1 Introduction 
 
Identification of microbial species by PCR amplification is dependent on the specificity and 
sensitivity of amplification (Romanowski et al. 1993). The specificity of any PCR reaction 
is governed by the design of the primers and the optimisation of the reaction conditions 
(Ekman 1999). The need to optimise PCR protocols has been widely recognised as small 
variations in amplification conditions may have a significant influence on the specificity 
and yield of PCR amplification (Ekman 1999). In detection applications, all subsequent 
analysis of species identity is based on the specificity of PCR amplification. Therefore, 
target sequences must be differentiated from all other DNA within the biological extract 
(Liew et al. 1998). 
 
The specificity of PCR amplification is subject to variation depending on the fine balance 
of target concentration, primer specificity and amplification conditions (Grote et al. 2002). 
Within the cocktail of components the concentration of magnesium, primer concentration 
and DNA polymerase activity may all influence the efficiency of the PCR reaction (Legay 
et al. 2000). In addition, the temperature of the PCR cycle must be optimised for the primer 
set and amplification conditions (Coelho et al. 1997). 
 
Low levels of non-specific amplification occur in most PCR as PCR primers intermittently 
bind to non-target DNA sequences and are subsequently amplified (Suzuki and Giovannoni 
1996). In diagnostic applications it is critical that PCR are carried out in conditions which 
promote the amplification of the target species while minimising that of non-target species 
(Ekman 1999). By optimising the PCR such amplification may be confined to levels below 
the thresholds detected by agarose gel electrophoresis (Ekman 1999).   37
 
Amplification of DNA from environmental samples is complicated by limited amounts of 
target DNA within soil and plant samples (Cullen and Hirsch 1998). A nested PCR 
approach can overcome this by re-amplifying the primary product which may be 
undetectable by agarose gel electrophoresis (Hayden et al. 2004). Several authors have 
utilised a generic primary PCR amplification of the ITS regions of ribosomal DNA 
followed by a specific nested PCR for the detection of the target species (Grote et al. 2002; 
Ippolito et al. 2002). Using specific primers in the primary and nested PCR cycles enhances 
specificity and allows species-specific detection following both cycles, minimising 
unnecessary amplification of DNA present in higher titres (Grote et al. 2002).  
 
The objectives of this chapter were to develop a nested PCR protocol to enable the specific 
amplification of P. cinnamomi DNA with the intention to then apply the assay for 
diagnostic analysis of infested soil and plant material (Chapters 3 and 4). More specifically 
this encompassed (1) the design and selection of PCR primers specific for P. cinnamomi 
detection; (2) optimisation of PCR amplification, and (3) optimisation of nested PCR to 
detect P. cinnamomi.  
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2.2 Methods 
 
2.2.1 Phytophthora isolates used during PCR studies 
 
Isolates of a range of species of Phytophthora were sourced from the Murdoch University 
isolate collection (Table 2.1). To maintain material for DNA extraction, these were grown 
for three days on corn meal agar (CMA, Sigma Aldrich) in 90 mm diameter Petri dishes at 
26 ± 2 
oC (Gerrettson-Cornell 1983).  
 
2.2.2 Maintenance of Phytophthora isolates 
 
Phytophthora isolates were maintained over the longer term of the project in sterile water, 
at room temperature in the dark. Each isolate was grown on CMA for 5 days whereby 
several small plugs (5mm diameter) taken from the edge of each colony were placed in 
sterilised Bijou bottles containing 5ml of sterile distilled water. Fresh cultures were 
regenerated as required by plating a single agar plug from the water cultures on CMA and 
incubating at 26 ± 2 
oC for three days. Multiple bottles were prepared for each isolate to 
enable cultures to be regenerated throughout the course of the project. 
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Table 2.1: Phytophthora isolates used for PCR detection experiments 
Species Isolate 
Number 
Source  Location of origin 
P. cinnamomi  MU83 Murdoch  University     
P. cinnamomi  MP 94.03  Murdoch University   Eucalyptus  marginata , 
Willowdale, WA 
P. cinnamomi  MP94.5 Murdoch  University    E.  marginata Willowdale,WA 
P. cinnamomi  MP102 Murdoch  University     
P. cinnamomi  MP97.1  Murdoch University   Huntly Minesite, WA 
P. cinnamomi  MP107 Murdoch  University     
P. cinnamomi  MP32 Murdoch  University    Banksia sp. Jarrahdale WA 
P. cinnamomi  MP94.03 Murdoch  University    E. marginata Willowdale WA 
P. cinnamomi  MU33  Murdoch University   Soil Cape Arid, WA 
P. cinnamomi  MP 97.16  Murdoch University   E.  marginata Jarrahdale WA 
P. cinnamomi  MU35 Murdoch  University    Banksia sp. Molloy Island, WA 
P. cinnamomi  MU84 Murdoch  University     
P. cinnamomi  MP99 Murdoch  University     
P. cinnamomi  MP104 Murdoch  University     
P. cinnamomi  MP105 Murdoch  University     
P. cinnamomi  MP111 Murdoch  University     
P. cinnamomi  MP115 Murdoch  University     
P. cinnamomi  MP119 Murdoch  University     
P. cinnamomi  MP120 Murdoch  University     
P. cinnamomi  MP121 Murdoch  University     
P. cinnamomi  MP125 Murdoch  University    E. marginata Huntly, WA 
P. cinnamomi  MP103 Murdoch  University     
P. cinnamomi  MP128 Murdoch  University    Xanthorrhoea preissii 
Jarrahdale, WA 
P. cinnamomi  MP129 Murdoch  University     
P. cinnamomi  MP130 Murdoch  University     
P. cinnamomi  MP133 Murdoch  University     
P. cinnamomi  MP134 Murdoch  University     
P. cinnamomi  MP80 Murdoch  University    C. calophylla Jarradale WA 
P. cinnamomi  MP89 Murdoch  University    C. calophylla Jarradale WA 
P. cinnamomi  MP93 Murdoch  University    C. calophylla Stem, WA 
P. cinnamomi  MP94 Murdoch  University     
P. cinnamomi  MP94.15 Murdoch  University     
P. cinnamomi  EB5 Curtin  University  Banksia menziesii root collar 
WA 
P. cinnamomi  MP122 Murdoch  University     
P. cinnamomi  MP97.16 Murdoch  University     
P. cinnamomi  MP127 Murdoch  University     
P. cinnamomi  MP94.11 Murdoch  University    E. marginata Willowdale,WA 
P. cinnamomi  MP94.48 Murdoch  University    E. marginata Willowdale,WA 
P. cinnamomi  EB6  Curtin University   Soil, WA 
P. cinnamomi  MP62 Murdoch  University    E. marginata Jarradale, WA 
P. cinnamomi  MP97.8 Murdoch  University     
P. cinnamomi  MP94.48 Murdoch  University    E. marginata Willowdale,WA   40
 
Species Isolate 
Number 
Source  Location 
P. cambivora  MU136 Murdoch  University     
P. cambivora  MU137 Murdoch  University     
P. citricola  MU1 Murdoch  University    Pinus radiata Baudin Plantation 
P. citricola  MU2  Murdoch University   Soil, Nannup, WA 
P. citricola  MU3  Murdoch University   Soil, Walpole, WA 
P. citricola  MU131 Murdoch  University   
P. citricola  EB11  Curtin University   Soil, Iluka minesite, Eneabba 
WA 
P. citricola  EB13 Curtin  University     
P. citricola  EB3  Curtin University   Waterbody, Iluka minesite, 
Eneabba WA 
P. citrophthora /  
P. meadii 
MU129 Murdoch  University     
P. cryptogea  MU25 Murdoch  University    P. radiata Jarrahwood 
Plantation, WA 
P. cryptogea  MU28  Murdoch University   Soil, South Coast, WA 
P. drechsleri  MU134 Murdoch  University    Kunzea baxteri Murdoch 
University, WA 
P. drechsleri  MU14  Murdoch University   Soil Bussleton, WA 
P. 
erythroseptica 
MU135 Murdoch  University     
P. megasperma  
var sojae 
MU22 Murdoch  University    Pinus radiata Jarrahwood 
Plantation, WA 
P. megasperma 
var sojae 
MU23  Murdoch University   Hopetown WA  
P. megasperma  MU132 Murdoch  University    Pinus radiata Soaklands WA 
P. megasperma  MU133 Murdoch  University     
P. megasperma  MU17 Murdoch  University    Soil Cape Arid, WA 
P. megasperma  MU18  Murdoch University   Fitzgerald River National Park, 
WA 
P. megasperma  MP41 Murdoch  University     
P. nicotianae  MU317 Murdoch  University    Banksia brownii woodland, WA 
P. nicotianae  MU7 Murdoch  University     
P. nicotianae  MP5 Murdoch  University     
P. palmivora  MU128 Murdoch  University     
Pythium 
species 
MU142 Murdoch  University     
Pythium 
irregularis 
WAC7677   Agriculture WA   
Pythium 
irregularis 
WAC7678   Agriculture WA   
Pythium 
spinosu 
WAC2013   Agriculture WA   
Pythium 
irregularis 
WAC7406   Agriculture WA   
Pythium acanthi  WAC2418   Agriculture WA    
 
 
   41
2.2.3 Preparation of mycelium for DNA extraction 
 
V8 broth was prepared by first filtering V8
® juice (Campbell Soup Co.). This was diluted 
1:5 with sterile distilled water with 5 g/l CaCO3 and stirred on a magnetic stirrer until 
dissolved. The pH was adjusted with HCl to 5.5 prior to use. Several agar plugs were 
aseptically cut from the margin of three-day-old CMA cultures, transferred into petri dishes 
with V8 broth and incubated for 5 days at 26 ± 2 
oC in the dark. The hyphal mats were 
collected by vacuum filtration, lyophilised overnight and frozen (-20 
oC) until DNA 
extractions could be performed. The number of hyphal mats grown for DNA extraction 
varied depending on the growth rate of each isolate. 
 
2.2.4 DNA extraction from mycelial cultures 
 
Genomic DNA from each isolate of Phytophthora was extracted according to the method of 
Graham (1994). Briefly, 100 mg of lyophalised dried mycelium was ground to a fine 
powder in liquid nitrogen and combined with 1 ml of extraction buffer (2 % CTAB, 
100 mM Tris-HCl pH 8.0, 1.4 M NaCl, 2 % PVP-40). Samples were incubated at 55 
oC for 
20 minutes and centrifuged at 15,000 g for 20 minutes. The supernatant was extracted with 
one volume of chloroform isoamyl-alcohol (24:1) and centrifuged at 15,000 g for 1 minute. 
The upper phase was collected and the DNA precipitated using 0.1 volumes of 7.5 M 
ammonium acetate along with 2 volumes of absolute ethanol. Samples were placed in a 
-20 
oC freezer for at least 60 minutes to precipitate and centrifuged for 1 minute at 15,000 
g. The pellet was washed twice with 70 % ethanol, dried in a vacuum chamber and 
resuspended in 50 μl PCR grade water. 
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2.2.5 DNA extraction from soil samples 
 
Total DNA was extracted from 1 g soil samples using a method adapted from that of 
Graham et al. (1994), described above. Soil samples were freeze dried for 24 hours and 
stored at -20 
oC prior to further processing. Due to the large numbers of soil samples 
processed, the grinding procedure was adapted to utilise glass beads ranging in size from 
400-600 μm (Sigma Aldrich) instead of hand grinding individual samples. The 
incorporation of glass beads was based on the methods of Yeates et al. (1998) with 0.25 g 
of beads added to 1 g of soil and 1 ml of the DNA extraction buffer (2.2.4). Beads were 
added using a fine syringe to enable uniform quantities of beads to be added to each soil 
sample. Batches of 60 samples were placed in a GenoGrinder 2000 (GlenMills
®) for 2 
minutes at 1,500 beats per minute. Samples were stored on ice until they could be returned 
to the laboratory and centrifuged at 15,000g for 20 minutes. Following centrifugation DNA 
extraction proceeded as described above (Section 2.2.4). 
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2.2.6 PCR primer design 
ITS sequences from a range of Phytophthora species were sourced from Genbank and 
aligned along with those of several isolates of Phytophthora cinnamomi from the Murdoch 
University culture collection using CLUSTAL-W (Thompson et al. 1994). Regions of inter 
species variation were then noted and targeted as regions for primer design (Coelho et al., 
1997). Six P. cinnamomi specific primers were designed using Primer 3 software (Version 
0.6; available online from Whitehead Institute for Biomedical Research, Cambridge) and 
screened against the Genbank database to assess their specificity (Table 2.2). Primer 
locations and amplicon lengths of each potential primer combination are indicated in 
(Figure 2.1). Care was taken to situate polymorphisms between closely related species such 
as P. cambivora at the 3’ end of each primer to optimise species differentiation  (Coelho et 
al. 1997; Hayden et al. 2004).  
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Table 2.2: Primers used in this study 
Primer Direction  Sequence  Tm  Reference 
ITS1   Forward  TCC GTA GGT GAA CCT GCG G  54 
oC (White et al. 1990) 
CIN3A  Forward  CAT TAG TTG GGG GCC TGC T  54 
oC Current  Study 
CIN3B  Forward  ATT AGT TGG GGG CCT GCT  50 
oC Current  Study 
CIN2  Forward  CCT ATC ACT GGC GAG CGT TT  54 
oC Current  Study 
CINITS4  Reverse  TGC CAC CAC AAG CAC ACA  50 
oC Current  Study 
CIN2R  Reverse  CAC CTC CAT CCA CCG ACT AC  56 
oC Current  Study 
ITS4  Reverse  TCC TCC GCT TAT TGA TAT  51 
oC (White et al. 1990) 
 
 
 
 
 
 
Figure 2.1: Location of P. cinnamomi specific primers designed in this study within the ribosomal ITS 
region of the P. cinnamomi genome. The length of amplicons of different primer combinations are 
indicated. 
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2.2.7 PCR analysis 
 
Primer combinations were initially tested with P. cinnamomi  (MU83),  P. nicotianae 
(MU7), P. cambivora (MU136) and P. cryptogea (MU25) to gain a preliminary assessment 
and optimisation of P. cinnamomi  specific primers. Unless indicated otherwise, 
amplification was carried out in 10 µl reactions with 67 mM Tris-HCl (pH 8.8 at 25 
oC), 
16.6 mM [NH4]2SO4, 0.45 % Triton X-100, 0.2 mg/ml gelatin, 2 mM MgCl2, 1 μM 
primers, 0.1 ng/μl template, 0.2 mM dNTPs and 0.77 U of Tth Plus DNA Polymerase
® 
(Fisher Biotech). One microliter of each DNA sample was added to each reaction with 1 µl 
of PCR grade water added to each negative control in place of the DNA sample. PCR 
cycling consisted of a 5 minute denaturation at 94 
oC followed by 30 cycles of 94 
oC for 1 
minute, 60 
oC for 1 minute, 74 
oC for 1 minute, and a final extension of 74 
oC for 5 
minutes. PCR amplification was carried out in a 96 well gradient Palm-Cycler
® 
thermocycler (Corbett Research). Each experiment was repeated independently three times. 
 
2.2.8 Agarose gel electrophoresis of diagnostic PCR products 
 
Five microlitres of each PCR reaction was mixed with 1 μl of 5x Orange G loading buffer 
(0.5 % w/v Orange G (Sigma, Australia), 50 % w/v sucrose, 10 mM Tris-HCl pH 8.0) and 
loaded into a 2 % agarose gel in 1x Tris-Borate-EDTA (TBE) Buffer (Sambrook et al. 
1989). Gels were stained with 0.5 μg/ml ethidium bromide (Sigma, Australia) and the gel 
images digitally recorded under UV light (EDAS 120, Kodak Digital Science). Fragment 
sizes were determined by comparison with a 100 bp molecular weight standard (Fischer 
Biotech) and analysed using Kodak Digital Science
TM (Version 3.0.2) software. 
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2.3 Results 
 
2.3.1 Screening of P. cinnamomi specific primer combinations 
 
Preliminary assessment was made to assess the amplification and specificity of each primer 
pair with P. cinnamomi, P. nicotianae, P. cambivora and P. cryptogea target DNA. Each 
primer combination successfully amplified P. cinnamomi but also produced significant 
non-target amplification with the other species of Phytophthora. Of all primer combinations 
tested, CIN2-CINITS4 and CIN3B-CIN2R displayed the highest level of specificity of the 
long and short amplicons, respectively (Figure 2.2). 
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Figure 2.2: Preliminary PCR amplification of primer combinations with (1) P. cinnamomi (2) 
P. nicotianae (3) P. cambivora and (4) P. cryptogea DNA. M= 100bp molecular weight marker. Negative 
controls were run with the addition of 1μl of PCR-grade water in place of the DNA sample. 
 
 
As other primer sites lie within CIN3A-CINITS4 amplicon, it was determined that the 
CIN3A-CINITS4 would be the best combination for primary PCR amplification with the 
remaining combinations potentially used for nested PCR (Figure 2.1). While this 
combination produced some non-specific amplification in the preliminary assessment 
(Figure 2.2), it was deemed that this could be overcome with further optimisation of the 
PCR reaction.   48
2.3.2 Optimisation of MgCl2 concentrations using three different DNA 
polymerases 
 
The most suitable polymerase for PCR detection was determined using Taq polymerase, 
Taq F1* polymerase and Tth+ (Fischer Biotech). These polymerases were selected as they 
are readily available and are cost effective in comparison to more specialised polymerases 
on the market.  The MgCl2 concentration was optimised for each enzyme by amplifying 
1 ng  P. cinnamomi total genomic DNA in PCR cocktails containing one of the three 
polymerases and between zero and 2.75 mM MgCl2 (Figure 2.3). The MgCl2 concentration 
associated with highest PCR yield varied between the three polymerases with the most 
favourable concentration for Taq polymerase being 2.5 mM. Tth+ and Taq F1* 
polymerases produced greatest PCR yields with 2.0 and 1.5 mM MgCl2, respectively 
(Figure 2.3).  Amplification with Tth+ DNA polymerase was less sensitive to variation in 
the concentration of magnesium chloride with consistently strong with between 0.75 and 
2.75 mM of MgCl2. However, optimal fragment yield was achieved with 2.0 mM across the 
three replicates of the experiment (data for replicates 2 and 3 not shown).  
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2.3.3  Relative tolerance of three DNA polymerases to co-extracted 
PCR inhibitors 
 
The sensitivity of each polymerase to inhibition by various compounds co-extracted during 
DNA extraction from soil samples was assessed to determine the most suitable polymerase 
for PCR detection from soil. Taq, Taq F1* and Tth+ were analysed with 2.5, 2.0 and 1.5 
mM MgCl2 respectively, as determined in the previous experiment (Section 2.3.2). 
 
A representative soil extract was prepared by extracting total DNA from a site which 
displayed no symptoms of dieback, had no history of the pathogen and was not adjacent to 
any known P. cinnamomi infestations. DNA extractions were carried out using the same 
method later applied to test soil samples (Chapter 4). This extract contained a cocktail of 
non-target DNA and inhibitory compounds likely to be encountered in subsequent analysis 
of test soil samples. The jarrah soil extract was incorporated into the PCR cocktail in final 
concentrations ranging from 0 to 10% to assess the sensitivity of each polymerase to the 
presence of co-extracted inhibitors using standard PCR conditions with 1 ng of template 
DNA (Section 2.2.7). Amplification by each polymerase was inhibited with concentrations 
of soil extract exceeding 0.2 % (Figure 2.4). However, the amount of amplicon obtained 
with Taq polymerase was lower and less consistent than that of either Taq F1* polymerase 
and Tth+ polymerase. Across the three replicate experiments it was observed that the PCR 
yield of Tth+ was more consistent than Taq F1* polymerase (replicates 2 and 3 not shown). 
Consequently, Tth+ polymerase was chosen for the remaining detection experiments.  
5
1
 
 
 
F
i
g
u
r
e
 
2
.
4
:
 
S
e
n
s
i
t
i
v
i
t
y
 
o
f
 
T
a
q
,
 
T
a
q
 
F
1
*
 
a
n
d
 
T
t
h
+
 
D
N
A
 
p
o
l
y
m
e
r
a
s
e
s
 
t
o
 
i
n
h
i
b
i
t
i
o
n
 
b
y
 
j
a
r
r
a
h
 
s
o
i
l
 
e
x
t
r
a
c
t
.
 
P
C
R
 
a
m
p
l
i
f
i
c
a
t
i
o
n
 
o
f
 
P
.
 
c
i
n
n
a
m
o
m
i
 
M
U
8
3
 
w
a
s
 
c
a
r
r
i
e
d
 
o
u
t
 
i
n
 
t
r
i
p
l
i
c
a
t
e
 
w
i
t
h
 
t
h
e
 
C
I
N
3
A
-
C
I
N
I
T
S
4
 
p
r
i
m
e
r
s
,
 
e
a
c
h
 
p
o
l
y
m
e
r
a
s
e
 
a
n
d
 
0
,
 
0
.
1
,
 
0
.
2
,
 
0
.
5
,
 
1
.
0
,
 
5
.
0
 
a
n
d
 
1
0
 
%
 
j
a
r
r
a
h
 
s
o
i
l
 
e
x
t
r
a
c
t
.
 
M
=
 
1
0
0
 
b
p
 
m
o
l
e
c
u
l
a
r
 
w
e
i
g
h
t
 
m
a
r
k
e
r
.
 
T
h
e
 
f
o
u
r
t
h
 
“
0
”
 
s
a
m
p
l
e
 
i
n
 
e
a
c
h
 
a
s
s
a
y
 
i
s
 
t
h
e
 
s
a
m
p
l
e
 
r
u
n
 
a
s
 
a
 
p
o
s
i
t
i
v
e
 
c
o
n
t
r
o
l
,
 
b
u
t
 
i
t
 
i
s
 
i
d
e
n
t
i
c
a
l
 
t
o
 
t
h
e
 
t
e
s
t
 
s
a
m
p
l
e
s
 
r
u
n
 
w
i
t
h
 
0
%
 
s
o
i
l
 
e
x
t
r
a
c
t
.
 
(
-
)
 
=
 
n
e
g
a
t
i
v
e
 
c
o
n
t
r
o
l
s
 
r
u
n
 
i
n
 
t
h
e
 
a
b
s
e
n
c
e
 
o
f
 
s
o
i
l
 
e
x
t
r
a
c
t
 
w
i
t
h
 
1
μ
l
 
o
f
 
P
C
R
 
g
r
a
d
e
 
w
a
t
e
r
 
s
u
b
s
t
i
t
u
t
e
d
 
f
o
r
 
t
h
e
 
D
N
A
 
s
a
m
p
l
e
.
 
   52
2.3.4 Optimisation of annealing temperature, dNTP, primer and 
polymerase concentrations for specific amplification of 
P. cinnamomi DNA using Tth+ DNA polymerase 
 
Having selected the primary PCR primers, DNA polymerase and magnesium chloride 
concentrations, the remaining components of the PCR reaction were optimised with the aim 
of improving PCR specificity. The primer, dNTP and polymerase concentrations, along 
with the amplification temperature were optimised in a series of multi-factorial 
experiments. For each component, variants of increasing stringency were assessed as the 
control reactions containing 0.2 mM dNTP’s, 1 μM primer and 0.77  U Tth+ DNA 
polymerase produced considerable non-target amplification (Figure 2.2).  
 
In comparison to the control reaction which used 0.2 mM dNTP’s, 0.16 and 0.14 mM were 
found to have little bearing on the specificity or yield of PCR amplification (Figure 2.5). 
Decreased primer concentration from 1.0 to 0.8 μM was associated with reduced PCR 
specificity indicating more non-target amplification occurred in these reactions (Figure 
2.5). Specificity improved with further reduction in the primer concentration to 0.6 μM, 
however, this was not appreciably greater than that of the control reaction. 
 
Reducing the concentration of Tth+ DNA polymerase resulted in a considerable 
improvement in the specificity of PCR amplification with 0.45 units per reaction displaying 
the highest level of specificity for amplification of P. cinnamomi DNA (Figure 2.5).  This 
was further improved by increasing the annealing temperature from 60 to 61 
oC, resulting 
in specific amplification of P. cinnamomi DNA (Figure 2.5).  These conditions, 0.2 mM 
dNTP’s, 1  µM primers, 0.45U Tth+ and an annealing temperature of 61
oC, were 
subsequently adopted for future PCR analysis.  
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2.3.5 Specificity analysis of CIN3A-CINITS4 primers 
 
The specificity of PCR amplification was analysed using 42 isolates of P. cinnamomi and 
33 isolates of other species of Phytophthora and Pythium  sourced from the Murdoch 
University isolate collection (Table 2.1). With the exception of MP94, all P. cinnamomi 
isolates produced a clear fragment of 783 bp (Figure 2.6). None of the remaining isolates of 
Phytophthora or Pythium produced detectable PCR products with the CIN3A-CINITS4 
primers.  
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2.3.6 Selection of nested PCR primers 
 
Following the optimisation of amplification conditions with CIN3A-CINITS4 primers, 
candidate primer pairs for nested PCR were screened for specificity using the PCR 
conditions described above (Section 2.3.4). Under the optimised conditions for CIN3A-
CINITS4, CIN3B-CIN2R, CIN2-ITS4 and CIN3A-CIN2R primer pairs produced specific 
amplification of P. cinnamomi  DNA. In contrast, CIN3B-CINITS4 and CIN3B-ITS2A 
primer combinations produced varying levels of amplification with the non-target species 
(Figure 2.7). Consequently these primer combinations were discarded from further analysis. 
The CIN2-ITS4 combination was discarded from further nested PCR applications, as ITS4 
is not specific for P. cinnamomi, potentially increasing the likelihood of non-target 
amplification from environmental samples. CIN3A-CIN2R was also discarded, as it was 
preferable to select four unique primers for final nested PCR detection. While CIN3B has a 
significant overlap with the CIN3A sequence, reducing the primer length by two base pairs 
meant nested PCR using CIN3B displayed higher specificity than the primary PCR. 
 
 
 
 
 
  
5
8
 
 
 
 
 
F
i
g
u
r
e
 
2
.
7
:
 
S
e
l
e
c
t
i
o
n
 
o
f
 
n
e
s
t
e
d
 
p
r
i
m
e
r
s
 
b
a
s
e
d
 
o
n
 
t
h
e
 
s
p
e
c
i
f
i
c
i
t
y
 
o
f
 
P
C
R
 
a
m
p
l
i
f
i
c
a
t
i
o
n
 
o
f
 
P
.
 
c
i
n
n
a
m
o
m
i
 
D
N
A
.
 
S
p
e
c
i
e
s
 
o
f
 
P
h
y
t
o
p
h
t
h
o
r
a
 
t
e
s
t
e
d
 
w
e
r
e
 
(
1
)
 
N
e
g
a
t
i
v
e
 
c
o
n
t
r
o
l
 
(
2
)
 
P
.
 
c
i
n
n
a
m
o
m
i
 
(
3
)
 
P
.
 
n
i
c
o
t
i
a
n
a
e
 
(
4
)
 
P
.
 
c
a
m
b
i
v
o
r
a
 
a
n
d
 
(
5
)
 
P
.
 
c
r
y
p
t
o
g
e
a
 
D
N
A
.
 
M
=
 
1
0
0
b
p
 
m
o
l
e
c
u
l
a
r
 
w
e
i
g
h
t
 
m
a
r
k
e
r
.
  
  59
 
2.3.7 Re-amplification of primary PCR products with nested primers 
 
Primary PCR using CIN3A-CINITS4 primers was followed with nested amplification of 
the primary product with CIN3B-CIN2R to assess the specificity of nested amplification. 
Primary PCR products of P. cinnamomi,  P. nicotianae,  P. cambivora and P. cryptogea 
were serially diluted to 0.001 % of their initial concentration and re-amplified using the 
nested primers (Martin et al. 2004). Both the primary and nested PCR reactions were 
specific for P. cinnamomi detection (Figure 2.8).  
 
 
 
 
 
 
 
 
Figure 2.8: Specificity of primary and nested PCR reactions using CIN3A-CINITS4 and CIN3B-CIN2R 
primer combinations, respectively. (1) Negative control, (2) P. cinnamomi, (3) P. nicotianae, (4) 
P. cambivora and (5) P. cryptogea DNA. M= 100 bp molecular weight marker. 
  
  60
 
2.4 Discussion 
This series of experiments identified a set of PCR primers for primary and nested detection 
of P. cinnamomi. Initial screening of primer pairs produced varying levels of non-target 
amplification in the other species of Phytophthora. This was attributed to the relative 
conservation of ITS sequences across Phytophthora species as in most cases the primers 
were designed around 1-3 base pair polymorphisms. While targeting more variable gene 
regions may have limited non-target amplification, the ITS region was chosen as it is 
present in high copy numbers within each cell increasing the sensitivity of detection (Bailey 
et al. 2002). Furthermore, the ribosomal genes and in particular the ITS1 and ITS2 regions 
are well characterised for a range of Phytophthora species and isolates from around the 
world (Cooke and Duncan 1997). This aids the design of single and multiplex detection 
assays for a range of Phytophthora species.  
 
Nested PCR was chosen for these experiments as sensitivity is a key issue in detecting plant 
pathogens from soil and plant samples (Judelson and Tooley 2000). Nested PCR has been 
previously shown to increase sensitivity 1000-fold when detecting other species of 
Phytophthora (Grote et al. 2002; Martin et al. 2004). Selecting four specific primers for a 
nested PCR assay has the benefit of specific amplification of P. cinnamomi in the primary 
and secondary PCR. This test enables species-specific detection by both rounds of PCR 
with nested PCR only needing to be carried out on those samples, which produced negative 
results in the primary PCR reaction. 
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PCR detection from samples such as soil or plant material is limited by the presence of 
PCR inhibitors such as humic acids, polysaccharides and polyphenols as well as limited 
abundances of target DNA (Goodyear et al. 1994). DNA polymerases have been observed 
to vary in their susceptibility to these inhibitory substances which are co-extracted with 
total DNA from soil and plant samples (Al-Soud and Radstrom 1998). This was observed 
in the present study with amplification with Taq polymerase found to be notably reduced in 
the presence of soil extract (Figure 2.4). Conversley, Tth+ was the most tolerant to 
inhibition from substances co-extracted from jarrah forest soil. Although more specialised 
polymerases could have been included in this study, these were deemed to be too cost 
prohibitive for the analysis of large numbers of diagnostic samples. All three of the 
polymerases assessed are readily available and could therefore be incorporated into routine 
detection assays.  
 
The use of PCR for detection applications is a compromise between the specificity and 
sensitivity of the PCR amplification (Romanowski et al. 1993). If the parameters of the 
reaction are too stringent no amplification will take place leading to false negatives in the 
detection assay (Ekman 1999). Conversely, if the conditions are not sufficiently stringent, 
opportunistic amplification will occur, leading to false positives in detection assays. This 
balance of specificity is linked to that of sensitivity as an increase in stringency is often 
associated with a decrease in the amplification product with a consequent loss of sensitivity 
(Ekman 1999). Preliminary optimisation of PCR amplification using CIN3A-CINITS4 and 
CIN3B-CIN2R primer combinations resulted in a considerable improvement in the 
specificity of primary and nested PCR reactions (Figure 2.8).  
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The aim of this series of experiments was to develop two sets of PCR primers for nested 
PCR, which would then be the basis of P. cinnamomi detection in later studies (Chapters 3 
and 4). Final analysis in which the primary PCR product was reamplified using the nested 
primers showed that both reactions were specific for P. cinnamomi. However, this assay 
was developed using spiked DNA and a single soil extract. To be practically applied, this 
protocol needs to be validated using total DNA extracts from soils naturally infested with 
P. cinnamomi. This is discussed further in chapters three and four.  
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Chapter 3 
 
Development of a robust and specific PCR 
protocol for the detection of 
Phytophthora cinnamomi from soil samples 
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3.1 Introduction 
 
Application of diagnostic PCR to plant pathology is limited by the presence of co-extracted 
inhibitors in soil and plant tissues which prevent meaningful amplification of target DNA 
molecules (Al-Soud and Radstrom 2000; 2001; Chakrabarti and Schutt 2001). Considerable 
attention (England et al. 2001; Goodyear et al. 1994; Maher et al. 2001; Thomas et al. 
1994) has been given to the removal of such inhibitors during DNA extraction, however 
this adds to the time and cost of sample preparation. An alternative approach is to minimize 
the effect of inhibitors within the PCR reaction with several additives shown to improve the 
efficiency of PCR amplification (Al-Soud and Radstrom 2000; Chakrabarti and Schutt 
2001).  
 
Bovine Serum Albumin (BSA) is a cheap and effective additive which binds a broad range 
of inhibitory substances; enhancing amplification from complex biological samples such as 
soil (Romanowski et al. 1993). However, this enhanced amplification efficiency in the 
presence of BSA results in reduced stringency of amplification leading to non-target DNA 
fragments (Hayden et al. 2004). While this could be overcome by adjusting the PCR 
conditions, the need to re-optimise amplification for each extract limits the application of 
PCR detection to a range of samples with varying chemical and biological compositions. A 
more efficient alternative would be to selectively enhance the stringency of amplification of 
target PCR products, therefore improving the overall robustness of detection. Formamide is 
widely used in PCR reactions, dramatically improving the specificity of PCR without 
reducing the yield of target molecules (Sarkar et al. 1990). 
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While extensive research has been carried out to determine the influence of individual 
additives on PCR reactions, little investigation has assessed the combination of additives 
(Al-Soud and Radstrom 2000). Furthermore, no studies have addressed the potential 
combination of additives to overcome PCR inhibition while also improving the specificity 
of PCR detection from soil extracts.  
 
This study investigated the potential synergistic effect of adding both BSA and formamide 
to PCR reactions in the presence of co-extracted inhibitors from a range of soils. The aim of 
this chapter was to develop a robust PCR-based detection method for P. cinnamomi in the 
presence of a broad range of PCR inhibitors originating from soil extracts. 
 
 
3.2 Materials  and  Methods 
 
3.2.1 Preparation of soil extracts 
 
Soil extracts were prepared from P. cinnamomi-free jarrah forest soil, Spearwood sand, 
Gin-Gin red sand, white sand and a commercial nursery native potting mix (Soils ain’t 
Soils, Cannington). Processing of these samples followed the procedure for DNA extraction 
as described in Section 2.2.5 to ensure that the co-extracted inhibitors and background 
DNA from each soil was representative of those which would be extracted in routine 
analysis of field soils. Unless otherwise stated a 1/50 dilution of these soil extracts from the 
P. cinnamomi-free soils was used as this was the standard dilution of DNA extracts 
analysed throughout diagnostic PCR analysis of soil samples (Chapter 4). 
 
  
  66
3.2.2 PCR amplification 
 
Amplification reactions were carried out with 67 mM Tris-HCl (pH 8.8 at 25 
oC), 16.6 mM 
[NH4]2SO4, 0.45% Triton X-100, 0.2 mg/ml gelatin, 2 mM MgCl2, 1 μM primers, 0.1 ng/μl 
template, 40 μM dNTPs and 0.45 U of Tth Plus DNA Polymerase (Fisher Biotech) as 
optimised in Section 2.3.4. Concentrated stocks (10 x) were prepared for each additive and 
included in the master mix by substituting 1 μl of additive for sterile ultra pure water as 
required. 
 
3.2.3 PCR Additives; BSA and Formamide 
 
The influence of PCR additives was assessed with the aim of achieving improved 
specificity and sensitivity in the presence of PCR inhibitors.  Two PCR additives; bovine 
serum albumin (Fischer Biotech) and formamide (Sigma, Australia) were compared in 
differing concentrations. BSA was added to a final concentration of 0, 100, 200, 400 or 
800 ng/μl and formamide at 0, 1, 2, 4 or 8 %. 
 
Each additive was screened individually with DNA extracts from three isolates of 
P. cinnamomi; MU83, MP104 and EB5, P. nicotianae (MU7), P. cambivora (MU136), 
P. cryptogea (MU25), P. citricola (MU131) and P. drechsleri (MU134) (Table 2.1). The 
concentration of each additive was initially optimised for both sensitivity and specificity in 
the presence of jarrah soil extract. Specificity analysis was carried out with the addition of 
1ng of DNA for each species of Phytophthora.  
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3.2.4 Combination of PCR Additives 
 
BSA (200, and 800 ng/ul) and formamide (2, 4, 6 and 8 %) were used in a multi-factorial 
analysis of additive combinations selected from the experiment detailed in Section 3.3.2. 
This experiment was further refined by comparing 400 and 800 ng of BSA with 4 and 5 % 
formamide. Each combination of additives was screened for specificity against the isolates 
of Phytophthora listed above as well as sensitivity of detecting P. cinnamomi. 
 
 
3.3 Results 
 
3.3.1 Specificity of PCR detection in the presence of BSA and 
formamide 
 
The influence of BSA and formamide on the specificity of P. cinnamomi detection PCR 
was assessed by amplifying 1ng of DNA from P. cinnamomi, P. nicotianae, P. cambivora, 
P. cryptogea, P. citricola and P. drechleri in the presence of 0, 100, 200, 400 and 800 ng/ul 
BSA and 0, 1, 2, 4 and 8 % formamide. This was carried out both in the presence and 
absence of soil extract from the jarrah forest. Amplification of target and non-target 
fragments was found to increase slightly with increasing concentrations of BSA from 100 
ng/ul to 800 ng/ul (Figure 3.1). Increased amplification of target P. cinnamomi in the 
presence of BSA was accompanied by an increase in non-specific amplification in the other 
species.  P. cambivora (MU136) and P. cryptogea (MU25) produced strong non-target 
fragments from 700 to 800 bp. Some weaker non-target amplification also increased in the 
remaining non-target species with increased BSA concentration. However, these fragments 
were between 300 and 400 bp and could be clearly differentiated from the 789 bp fragment 
of P. cinnamomi amplification (Figure 3.1).  
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Figure 3.1: Specificity of PCR detection of P. cinnamomi with CIN3A-CINITS4 primers in the 
presence of bovine serum albumin or formamide. Duplicate reactions of (1) P. cinnamomi MU83, (2) 
P. cinnamomi MP104 and (3) P. cinnamomi EB5, (4) P. nicotianae MU7, (5) P. cambivora MU136, (6) 
P. cryptogea MU25, (7) P. citricola MU131 and (8) P. drechsleri are indicated for each additive. M = 
100 bp molecular weight marker.  
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3.3.2 Specificity of PCR detection of P. cinnamomi in the presence of 
soil extract, BSA and Formamide 
 
Extending from these observations (Section 3.3.1), sensitivity analysis was carried out with 
the addition of 0.2 % soil extract from jarrah forest soil. This concentration of soil extract 
was selected as all soil DNA extracts were diluted 1:50 prior to amplification throughout 
the remainder of the study, with 1 μl of extract incorporated in 10 μl PCR reactions 
(Chapter 2) corresponding to a final concentration of 0.2 %. 
 
The specificity of PCR detection in the presence of formamide was very similar in both the 
presence and absence of soil extract inhibitors (Figure 3.2). Increased specificity was 
observed with up to 4 % formamide. In the presence of 1 and 2 % formamide, weak non-
target fragments were produced by P. cryptogea, while adding 4 % formamide resulted in 
specific amplification of P. cinnamomi (Figure 3.2). Increases in the concentration of 
formamide beyond 4 % did not produce any detectable PCR amplification in target or non-
target isolates. The level of non-target amplification was weaker in the presence of soil 
extract indicating that inhibition by co-extracted compounds had an influence on the 
specificity of amplification.  
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Figure 3.2: Specificity of PCR detection of P. cinnamomiusing CIN3A-CINITS4 primers in the 
presence of jarrah soil extract and different concentrations of bovine serum albumin and formamide. 
Isolates: (1) P. cinnamomi MU83; (2) P. cinnamomi MP104; (3) P. cinnamomi EB5; (4) P. nicotianae 
(MU7); (5) P. cambivora (MU136); (6) P. cryptogea (MU25); (7) P. citricola (MU131) and (8) P. 
drechsleri (MU134). M= 100 bp molecular weight marker.  
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3.3.3 Detection sensitivity in the presence of PCR Additives; BSA and 
Formamide 
 
The presence of inhibitors in the soil extract reduced the sensitivity of PCR detection from 
0.1 pg to 10 pg of target DNA when no PCR additives were added (Figure 3.3). In contrast, 
the presence of 200 ng/µl BSA increased sensitivity by one order of magnitude to 0.1 pg in 
the absence of soil extract and 1pg in the presence of soil extract. Addition of 2  % 
formamide had no observed effect on the sensitivity of detection in the presence of soil 
extract inhibition; displaying the same level of sensitivity as the control PCR mixture 
(Figure 3.3). 
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Figure 3.3 The sensitivity limit of detection of 1fg-1ng P. cinnamomi DNA using CIN3A-CINITS4 primers 
in the presence and absence of soil extract and either 200ng/µl Bovine Serum Albumin or 2% formamide. 
M = 100 bp molecular weight marker.  
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3.3.4 Combination of PCR Additives 
 
As the function of BSA and formamide differ, it was hypothesised that both the specificity 
and sensitivity of detection from soil DNA extracts could be enhanced by combining the 
two additives in the detection PCR reaction. Increasing specificity was observed with 
formamide addition in the presence of 200 and 400 ng/ul BSA with specific detection 
achieved with 4 % formamide (Table 3.1). In the presence of 800 ng/ul of BSA there was 
an increase in the yield of PCR product and specificity up to 6 % formamide. This was 
accompanied by increased non-target amplification of P. cambivora,  P. cryptogea  and 
P. nicotianae with up to 4 % formamide, which was overcome with 6 % formamide (Table 
3.1). 
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Table 3.1: The influence of combined Bovine Serum Albumin and formamide addition on the 
specificity of P. cinnamomi detection using CIN3A-CINITS4 primers in the presence of jarrah soil 
extract. Isolates: (1) P. cinnamomi (MU83); (2) P. cinnamomi (MP104); (3) P. cinnamomi (EB5); (4) 
P. nicotianae (MU7); (5) P. cambivora (MU136); (6) P. cryptogea (MU25); (7) P. citricola (MU131) and 
(8) P. drechsleri (MU134). 
  + Soil Extract 
BSA   Formamide  1  2  3 4  5 6 7  8 
0%  ++  ++  ++ + + +++ +  + 
2%  +++ +++ +++ + -  ++ - - 
4%  ++  ++  ++ -  -  -  - - 
6%  +  +  + -  -  -  -  - 
200ng/µl 
8%  -  -  - -  -  - -  - 
0%  +++ +++ +++ ++ ++ +++ + + 
2%  +++ +++ +++ + + ++ +  - 
4%  +++ +++ +++ - - -  -  - 
6%  ++  ++  ++ -  -  -  - - 
400ng/µl 
8%  -  -  - -  -  - -  - 
0%  +++ +++ +++ ++ ++ +++ + + 
2%  +++ +++ +++ ++ + +++ +  + 
4%  +++ +++ +++ ++ + ++ - - 
6%  +++ +++ +++ - - -  -  - 
800ng/µl 
8%  -  -  - -  -  - -  - 
 
+ = Weak PCR product ranging in size from 700 to 850 bp 
++ = Distinct PCR product ranging in size from 700 to 850 bp 
+++ = Strong PCR product ranging in size from 700 to 850 bp 
      Specific amplification of P. cinnamomi 
 
 
 
The combined addition of 400 ng/μl BSA and 4 % formamide in the presence of soil 
extract facilitated P. cinnamomi detection down to 0.1 pg: the same level as pure DNA 
detection in the absence of soil extract (Table 3.2). This compares to a detection limit of 10 
pg in the presence of soil extract without additives.  
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Table 3.2: The influence of combining PCR additives on the sensitivity of PCR detection of 
P. cinnamomi with CIN3A-CINITS4 primers. 
Additive 
Soil Extract 
BSA 
(400 ng/µl) 
Formamide 
(4 %)  Sensitivity 
- - -  0.1  pg 
- + -  0.1  pg 
- - +  0.1  pg 
- + +  0.1  pg 
+ - - 10  pg 
+ + -  0.1  pg 
+ - +  1  pg 
+ + +  0.1  pg 
 
 
 
 
 
Tolerance to co-extracted inhibitors was analysed with the addition of 400 ng/μl BSA and 
4 % formamide. Standard PCR reactions were prepared as described in Section 3.2.2 with 
the addition of jarrah soil extract in the following concentrations: 10, 5, 2, 1, 0.5, 0.2 and 
0.1 %. In the absence of BSA and formamide, PCR amplification could only tolerate a final 
concentration of 0.2 % soil extract. This increased to 0.5 % in the presence of 400 ng/µl 
BSA and 4 % formamide (Figure 3.4).  
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3.3.5 PCR inhibition by a range of soil extracts 
 
The inhibitory effect of five different soil extracts was analysed using five fresh 
preparations of soil extracts from jarrah forest soil, Spearwood sand, Gin-Gin red sand, 
white sand and a commercial nursery native potting mix (Section 3.2.1). No additives were 
used to establish the effect of each soil extract without amendment to the PCR reaction. 
Each extract exhibited increasing PCR yield with decreasing concentrations of soil extract 
(Figure 3.5). The jarrah forest soil extract had the highest inhibitory effect, with PCR 
amplification inhibited with extract concentrations greater than 0.2 %. Amplification in the 
presence of white sand and native potting mixture was inhibited with concentrations higher 
than 2 and 1 %, respectively, whereas up to 5 % Gin-Gin red sand and Spearwood soil 
extract still enabled PCR amplification from P. cinnamomi template DNA (Figure 3.5).  
 
 
Figure 3.4: Increased tolerance of Jarrah soil extract in the presence of 400 ng/µl Bovine Serum 
Albumin and 4 % formamide. P. cinnamomi DNA was amplified with CIN3A-CINITS4 primers in 
the presence of 10, 5, 2, 1, 0.5, 0.2 and 0.1% Jarrah soil extract. M= 100 bp molecular weight marker.  
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Figure 3.5: Tolerance of PCR amplification in the presence of different concentrations of five soil extracts. 
P. cinnamomi DNA was amplified with CIN3A-CINITS4 primers in the presence of 10, 5, 2, 1, 0.5, 0.2 and 
0.1% of jarrah forest soil, Gin Gin red sand, white sand, native potting mix and Spearwood sand extracts. 
M= 100bp molecular weight marker.  
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The impact on detection sensitivity of 0.2 % of each soil extract was analysed in the 
presence of 400 ng/μl BSA with 4 % formamide, and, BSA 800 ng/μl with 5 % formamide. 
Addition of Gin-Gin red sand and native potting mix extracts did not reduce the sensitivity 
of detection when compared to the control reaction (Table 3.3). However, the sensitivity of 
detection decreased from 1 pg to 10 pg in the presence of 800 ng/μl and 5 % formamide in 
the presence of Gin-Gin red sand extract. This was not observed in the control reaction. 
Addition of soil extract from the Spearwood and white sand decreased amplification 
sensitivity 10-fold compared to the control in which no soil extract was added, while the 
jarrah forest soil extract decreased the sensitivity 1000-fold to 1 ng. Inhibition by the white 
sand extract was not overcome with the addition of BSA or formamide (Table 3.3). 
However, sensitivity of detection improved with the addition of both combinations of BSA 
and formamide with detection of 10  pg in the presence of the jarrah soil and complete 
recovery of detection sensitivity to 1 pg with the Spearwood soil extract (Table 3.3). 
 
 
 
Table 3.3: Sensitivity of detection of P. cinnamomi in the presence of extracts from five different soils, 
Bovine Serum Albumin and Formamide. 
 
 
BSA 
 
 
Formamide 
Control 
(No Soil 
Extract) 
Jarrah 
Soil  
Gin Gin 
Red 
Sand 
White 
Sand 
Native 
Pottingl 
Mix 
Spearwood 
sand 
- - 
 
1 pg  1 ng  1 pg  10 pg  1 pg  10 pg 
400 
ng/μl 
4%  1 pg  10 pg  1 pg  10 pg  1 pg  1 pg 
800 
ng/μl 
5%  1 pg  10 pg  10 pg  10 pg  1 pg  1 pg 
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3.4 Discussion 
 
This investigation has shown that the addition of 400 ng/μl BSA with 4 % formamide 
improves both the sensitivity and specificity of PCR detection of Phytophthora species in 
the presence of extracts from different soils. The inhibitory effect of the different soil 
extracts varied significantly. Specific detection was achieved from 1-10 pg of target DNA 
regardless of the soil extract with the addition of BSA and formamide. This level of 
detection is comparable to PCR detection of other species of Phytophthora DNA in the 
absence of soil extract inhibition (Ersek et al. 1994; Grote et al. 2002; Martin et al. 2004; 
Schubert et al. 1999; Tooley et al. 1997). Furthermore, the tolerance of inhibitors was 
found to increase from 0.2 % to 0.5 % in the presence of the most potent extract from the 
jarrah forest soil. 
 
Most soils and natural waters contain an abundance of tannic, humic and fulvic acids which 
inhibit many DNA polymerases and bind to target nucleic acids and PCR primers (Al-Soud 
and Radstrom 2000; Kuske et al. 1998). These humic substances are mixtures of 
polyphenolics produced during the decomposition of organic matter which co-purify with 
DNA during extraction from soil, water and plant material (Kreader 1996). Such 
compounds limit the full potential of diagnostic PCR in plant pathology as they decrease 
amplification efficiency  (Al-Soud and Radstrom 2000; Goodyear et al. 1994; Kong et al. 
2003). This study is the first demonstration that the inclusion of BSA improves the 
robustness of PCR amplification with increased yield of P. cinnamomi PCR and overall 
sensitivity of detection. The addition of BSA overcame the inhibitory effect of several soil 
extracts; in most cases restoring amplification sensitivity to that of the control sample.  
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Increased amplification with the addition of BSA was also associated with an escalation in 
non-specific amplification in several non-target species. This delicate balance between 
sensitivity and specificity has been observed in a recent study into the detection of 
P. ramorum (Martin et al. 2004). Reduced specificity in the presence of BSA possibly 
relates to the generic activity of BSA in relieving interference in PCR and other enzymatic 
reactions (Kreader 1996). It is thought that BSA binds various inhibitory substances 
preventing the deactivation of DNA polymerase by co-extracted inhibitors (Kreader 1996).  
 
BSA was not able to restore amplification sensitivity in the presence of the white sand. This 
is believed to be due to certain chemical factors within the extract, which were not bound 
by BSA. It has been previously demonstrated that BSA does not alleviate PCR inhibition 
caused by a range of salts including sodium chloride (Kreader 1996). However, no direct 
relationship was found between the conductivity of each soil and recovery of PCR 
amplification in the presence of BSA in the current study (data not shown). This is one 
aspect of this study requiring further investigation. 
 
Unlike BSA, formamide increased the specificity of detection without decreasing the 
sensitivity of detection. Furthermore, increased specificity in the presence of formamide 
was not affected by the addition of soil extract inhibitors. This is consistent with other 
studies which have observed that increased specificity using formamide is independent of 
the level of inhibition in the presence of common PCR inhibitors (Al-Soud and Radstrom 
2000; Chakrabarti and Schutt 2001). The use of BSA in this study has enabled the PCR 
method to be optimized for amplification of DNA targets within extracts from jarrah forest 
soils.  
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As BSA and formamide were shown to improve the sensitivity and specificity of PCR 
amplification respectively it was hypothesised that the robustness of PCR detection could 
be improved by combining both additives. In investigating the combination of additives to 
improve PCR amplification from samples of blood, faeces and meat, Al-Soud and 
Radstrom (2000) detected no synergistic effects of various combinations of PCR additives 
in overcoming PCR inhibition. However, they did observe an increase in the yield of the 
PCR product in the presence of both BSA and betaine. Their analysis did not take into 
consideration the influence of both facilitators on the sensitivity and specificity of PCR 
detection. Betaine and formamide both act as co-solvents within PCR reactions, improving 
amplification by relaxing the secondary structure of target and primer DNA (Chakrabarti 
and Schutt 2001). Formamide was selected for the present study as it is readily available 
and widely used in DNA hybridisation reactions (Chakrabarti and Schutt 2001).  
 
In selecting a PCR additive, it is critical that it has high potency, specificity and a broad 
effective range (Chakrabarti and Schutt 2001). A highly potent additive is important as 
PCR reactions have a limited volume and are finely balanced chemically. Furthermore, the 
activity of the additive must be specific as it is critical that the PCR reagents are not 
directly affected by the activity for the additive. Lastly, additives must have a broad 
effective range as each DNA extract is likely to have varying levels of different inhibitory 
compounds as discussed above. BSA and formamide fulfill these requirements and 
facilitate independent functions within the PCR cocktail.  
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For PCR based detection methods to be broadly adopted in preference to classical detection 
methods it is essential that the full potential of the sensitivity and specificity of PCR 
amplification be utilised. This study has shown that the addition of both BSA and 
formamide as PCR facilitators can significantly improve both the sensitivity and specificity 
of PCR detection. BSA and formamide have the additional advantage of being a relatively 
cheap and effective means of improving PCR detection and can be readily added to PCR 
cocktails. 
 
The findings of this study may be improved with further investigation into the use of BSA 
and formamide in combination with different DNA polymerases which are more resistant to 
PCR inhibitors (Al-Soud and Radstrom 1998).  Throughout the current study target DNA 
concentrations have been within the expected detectable range of primary PCR detection 
(0.1pg-1ng). However, several applications of PCR to the detection of other Phytophthora 
species have noted that nested PCR is required for successful detection (Grote et al. 2002; 
Ippolito et al. 2002). While the findings of this study support the use of BSA and 
formamide as PCR additives it has not addressed detection from naturally infested soil 
samples. This is investigated further in the following chapter (Chapter 4). Further study 
should also be carried out to ascertain the role of specific chemical constituents of soil-
DNA extracts from a range of soils with variable chemical profiles play in the detection of 
soil-borne pathogens.  
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Chapter 4 
 
Comparison of PCR based detection of 
Phytophthora cinnamomi with detection by 
soil baiting from naturally infested soil 
samples  
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4.1 Introduction 
 
Most of the claims regarding the sensitivity of PCR are made with purified DNA, or cells 
grown in vitro, such as the addition of a single chlamydospore to a PCR reaction (Kong et 
al. 2003). However, in situations where DNA is extracted from soil, low target populations 
and the presence of PCR inhibitors affect the sensitivity of detection. Inhibitors 
co-extracted and possibly complexed with the DNA, along with a large background of 
heterologous DNA and RNA considerably affect the sensitivity of PCR detection (Tsai and 
Olson 1991). 
 
The presence and distribution of P. cinnamomi is most often identified in native ecosystems 
by vegetation surveys in which the pattern of recently developed symptoms in susceptible 
indicator species are noted (Davison and Tay 2005). Observations of plant systems in the 
field are confirmed by isolation from infected plant material on selective media or by 
baiting soil to isolate the pathogen (Davison and Tay 2005). However, these procedures are 
often inefficient and are frequently associated with a high proportion of false negative 
results, leading to inappropriate management of infestations. 
 
The introduction of DNA based detection methods has been accompanied by the assurance 
of increased sensitivity in detecting P. cinnamomi. However, of the several studies in which 
PCR primer sets have been established for P. cinnamomi detection, none have applied these 
techniques to naturally infested soils (Coelho et al. 1997; Kong et al. 2003). Kong et al. 
(2003) found that standard primary PCR was at least ten times more sensitive than direct 
plating detection from inoculated medium. However, this did not take into account PCR  
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inhibition by co-extracted inhibitors, binding of target DNA to soil particles and chemicals 
or non-uniform distribution of P. cinnamomi within naturally infested soils. Furthermore, 
little work has validated DNA based detection of soil-borne species of Phytophthora by 
comparing the mapping of disease symptoms, baiting detection and PCR detection 
methods. 
 
Part of the work presented in this chapter formed a collaboration between Curtin and 
Murdoch Universities. Dr Elaine Davison and Mr Francis Tay of Curtin University have 
published the findings of their study investigating the frequency of detection using 
established baiting techniques in which they recovered P. cinnamomi from between zero 
and 11.36 % of soil samples taken across active disease fronts in native vegetation in the 
south west of Western Australia. The primary finding of their study was that low detection 
frequencies by baiting techniques are a primary limitation in the application of diagnostic 
assays to routine management of P. cinnamomi. As part of the collaborative project, each of 
the soil samples analysed by Davison and Tay (2005) were subsequently analysed by 
nested PCR, the results of which are presented in this chapter. In addition, other soil 
samples collected from around Western Australia from which P. cinnamomi  had been 
isolated using baiting methods were also included. 
 
For DNA based methods to be adopted for routine detection they need to be shown that 
they are more cost effective, sensitive and reproducible than the current methods in use 
(Martin et al. 2000). This series of experiments compares baiting and nested PCR detection 
of P. cinnamomi from naturally infested soils and investigates the detection frequency and 
consistency of detection from a range of soils from south Western Australia. 
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4.2 Methods 
 
4.2.1 Sampling 
 
Soil samples used throughout this study were kindly provided by Dr Elaine Davison Curtin 
University, Karen Raiter, Peter Scott and Nicole Moore, Murdoch University (Table 4.1). 
Soil samples were collected as described by Davison and Tay (2005) and stored in the dark 
at room temperature while being transported back to the laboratory. 
 
 
Table 4.1: Sampling locations of soil samples analysed throughout this series of experiments 
Soil Sample  Location  Date  Collected by 
Metler  Corner Shearer and Metler’s Lake rd 
S34
o34’29.6”, E118
o34’13.8” 
16.05.2005 Karen  Raiter 
Chiukup  Adjacent to Chester Pass rd.  
Stirling Ranges NP 
05.06.2005 Karen  Raiter 
Mandawerup  Cape Le Grande rd CLGNP  07.06.2005  Karen Raiter 
Yalgorup NP  S32
o54’7.10”, E115
o41’26.1” 17.06.2005  Peter  Scott 
Stirling Ranges  Adjacent to Chester Pass rd.  
Stirling Ranges NP 
12.05.2005 Nicole  Moore 
Leeming Banksia  Woodland, 
Brandwood reserve 
10.06.2005 Nari  Anderson 
Curtin 12*  Jarrah Forest 
32
o55’08.8”S, 116
o27’30.2”E 
6.11.03  Dr. Elaine Davison 
Curtin 13*  Jarrah Forest 
32
o57’14.1”S, 116
o25’30.5”E 
5.12.03  Dr. Elaine Davison 
Curtin 14*  Sandplain 
29
o53’30.5”S, 115
o12’59.3”E 
16.1.04  Dr. Elaine Davison 
Curtin 15*  Jarrah Forest 
32
o29’13.7”S, 116
o05’23.7”E 
11.3.04  Dr. Elaine Davison 
Curtin 16*  Jarrah Forest 
32
o29’15.9’S, 116
o05’22.2”E 
15.4.04  Dr. Elaine Davison 
Curtin 17*  Banksia Woodland 
30
o39’01.7”S, 115
o27’18.2”E 
2.6.04  Dr. Elaine Davison 
Curtin 18*  Jarrah Forest 
32
o29’00.1”S, 116
o05’41.9”E 
14.7.04  Dr. Elaine Davison 
* The collection and baiting analysis of these soils was performed and published by Davison and Tay (2005) 
as part of an independent study. The soil they collected and analysed was subsequently analysed using nested 
PCR, the results of which are presented in this study. 
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4.2.2 Sample preparation and storage 
 
Once soil samples were received at the laboratory, they were stored in the dark at room 
temperature for a maximum of 5 days before measuring three 1 g samples into 2 ml 
microcentrifuge tubes. Each sample was lyophilised over night, sealed and stored at -20 
oC 
until the DNA was extracted using the CTAB method detailed in Section 2.2.5.  
 
4.2.3 PCR Analysis 
 
DNA extracts were diluted 1/50 with ultra pure water before analysis with PCR (3.2.1) with 
the addition of 400 ng/μl BSA and 4 % formamide (Section 3.3.4). The primary round of 
PCR was carried out using primers CIN3A and CINITS4. Primary PCR products were 
diluted 1:100 before being incorporated into a nested PCR containing CIN3B and CIN2R 
primers (Chapter 2). 
 
4.2.4 Baiting detection of Phytophthora species 
 
Soil samples ranging from 1 to 64 g were measured into 250 ml disposable cups and filled 
to a total volume of 200ml with distilled water (Erwin and Ribeiro 1996; Tsao 1960). Three 
5mm diameter discs of rose petals were floated on the water surface in each cup and 
incubated on trays at room temperature (22-25 
oC) for 3 days (Marks and Kassaby 1972; 
Tsao 1983). Baits were then surface sterilise briefly in 1 % sodium hypochlorite solution, 
rinsed in sterile distilled water, blotted dry on sterile blotting paper and plated onto 
selective NARPH medium (Section 4.2.5). These were incubated for 2-5 days and assessed 
for the growth of coralloid hyphal growth characteristic of P. cinnamomi. Individual 
isolations were sub-cultured onto CMA and/or analysed by direct PCR (Section 4.2.7).  
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4.2.5 NARPH antibiotic selective medium 
 
In order to isolate P. cinnamomi  from soil and plant tissues, antibiotic selective agar 
(NARPH) was prepared by dissolving 17 g of corn meal agar (Oxoid Ltd. Hampshire, 
England) in 1 L of tap water. This was sterilised and cooled to approximately 55 
oC before 
100 mg ampicillin (Sigma, Australia), 50 mg hymexazol (Sanyoko), 100 mg 
pentachloronitrobenzene (Sigma, Australia), 1 ml Nilstat
® syrup (Nystatin, Wyeth Ayerst 
Ltd., Aukland NZ) and 0.5 ml/L Rifadin
® syrup (Rifampicin, Aventis Pharma Ltd. NZ) 
were added. This mixture was mixed thoroughly and poured immediately into 90 mm Petri 
dishes (Huberli et al. 2000).  
 
4.2.6 Population Density Index Analysis 
 
The smallest quantity of soil and fine roots from which P. cinnamomi could be detected 
was used as an index of the population density of the pathogen present within each soil. 
Samples were analysed based on a sample size of 64 g with fractions of these ranging to 
1/64 (1 g) of the original were analysed in triplicate (Table 4.2). The reciprocal of the 
smallest fraction from which P. cinnamomi was detected was used as the population density 
index (PDI) for each sample (Weste and Ruppin 1977). As detection by baiting was often 
observed to be patchy across the index, each soil was given a score for the overall level of 
detection by tallying the total score for positive detection results across the three replicates. 
Samples in which all three of the 1 g samples were positive were given a maximum score 
of 192 with the remaining samples not analysed to minimize unnecessary processing of 
positive samples.  
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Table 4.2: Relationship between the size of the soil sample and population density index (PDI) 
Serial Dilution  Weight of soil in sample (g)  Population Density Index 
1 64  0
a 
1
b 
½ 32  2 
¼ 16  4 
1/8 8  8 
1/16 4  16 
1/32 2  32 
1/64 1  64 
Adapted from (Weste and Ruppin 1977) (a) PDI = 0 if no Phytophthora is detected from 64 grams of soil (b) 
PDI = 1 if Phytophthora is detected from 64 grams of soil. Population density index is the reciprocal of the 
smallest quantity of soil from which P. cinnamomi is detected. 
 
4.2.7 Direct PCR analysis of P. cinnamomi isolations 
 
Where possible, pure cultures of hyphae characteristic of P. cinnamomi were isolated and 
plated onto CMA. This was not always possible for isolates that were overgrown by 
secondary micro-organisms. The identity of P. cinnamomi cultures and characteristic 
coralloid hyphae growing from baiting material was confirmed by direct PCR amplification 
of DNA from tiny scrapings of each culture. A sterile 10 μl pipette tip was used to carefully 
scrape away minute amounts of hyphae. Care was taken to minimise the amount of culture 
medium transferred with the hyphae as it was observed that too much agar inhibits 
amplification. These were transferred to the bottom or side of PCR tubes and spun briefly 
in a bench top centrifuge to ensure that the mycelium was at the base of the tube. 10 μl of 
PCR master mix containing CIN3A-CINITS4 primers was then added to each tube and 
amplified as described in Section 4.2.3. Three replicate PCR reactions were performed for 
each pure culture of P. cinnamomi. Repetition was not possible for some hyphae growing 
from baiting material, particularly where the growth of secondary fungal and bacterial 
species limited the growth of P. cinnamomi and prevented the isolation of pure cultures.  
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4.2.8 Sample handling and cross contamination assessment 
 
Several measures were taken to prevent cross contamination during sample handling and 
nested PCR analysis (Hayden et al. 2004). All preliminary handling of soil samples was 
carried out in a separate laboratory from DNA extraction and PCR analysis. Work areas 
were surface sterilized for 1 minute using 1 % sodium hypochlorite. This was removed 
using 70 % ethanol as excess sodium hypochlorite could in turn degrade target DNA in the 
samples being analysed. 
 
PCR analysis was carried out in a laminar flow workstation in which all surfaces and 
equipment were cleaned as described above and irradiated with UV light for 20 minutes 
before setting up PCR reactions. The laminar airflow was turned off while setting up the 
PCR reactions to prevent lateral transfer from one sample to another across the 96 well 
PCR plates. Fresh packets of filter tips (Axygen Scientific) were used for preparation and 
handling of all stages of the primary and nested PCR reactions. Primary PCR reactions 
were spun in an Allegra
® X-15R centrifuge (Beckman Coulter) at 2,100 g for 4 minutes 
before removing the sealing film to prevent the samples aspirating from one well to 
another. 
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A negative control, in which the mycelium or soil was substituted with sterile glass beads, 
was included between each set of ten DNA extractions. These negative controls were 
carried throughout the DNA extraction and were analysed at the end of the associated 
nested PCR to assess the prevalence of cross contamination during DNA extraction. 
Separate PCR negative controls were incorporated for every 10 PCR samples to assess 
contamination during PCR analysis. If any of the negative controls within a 96 well PCR 
plate produced positive detection results, both the primary and nested PCR reactions for 
that set were repeated.  
 
 
4.2.9 DNA Sequencing   of products amplified from field soil samples 
 
Fresh 1:50 dilutions of selected samples from each site, which had previously produced 
positive results, were amplified using the nested PCR to protocol (Section 4.2.3) to produce 
the 396 bp DNA fragment. Positive fragments were excised from a 2 % agarose gel and the 
DNA extracted using a ‘freeze and squeeze’ method in which the agarose block was frozen 
at -80 
oC for 1 hour and then squeezed between a folded sheet of parafilm. All of the liquid 
produced was collected using a 200 μl pipette and transferred into a sterile microcentrifuge 
tube. The DNA was precipitated in 200 μl of cold 100 % ethanol and placed at -20 
oC for 
two hours before being centrifuged at 15,000 g for 2 minutes and resuspended in 20 μl PCR 
grade water. The purified fragment DNA was then sequenced using Big Dye Terminator 
Kit (Applied Biosystems) with CIN3B and CIN2R primers.  
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4.3 Results 
 
4.3.1 Comparison of detection sensitivity between baiting and nested 
PCR from naturally infested soils 
 
Five soil samples were collected from Metler reserve, 40 km south east of Wellstead in 
the Great Southern region of Western Australia (Table 4.1). The sampling site was 
located at an intersection in the roadway where the surrounding vegetation displayed 
typical symptoms of Phytophthora  dieback, with a range of soil types present. 
Preliminary baiting analysis of soil collected from the site confirmed the presence of 
P. cinnamomi throughout the site (Karen Raiter, Murdoch University, personal 
communication 2005). Each soil sample was analysed to determine the smallest 
quantity of soil from which P. cinnamomi  could be detected using the population 
density index described above.  P. cinnamomi was detected more readily by nested PCR 
than by baiting with consistent detection achieved by nested PCR from 1g samples from 
each of the five soils. In contrast, detection by baiting was less sensitive and more 
sporadic across the range of soil samples. Baiting analysis failed to detect P. cinnamomi 
at all in the P2 soil (Table 4.3).  
 
Many of the baits became overgrown with non-target fungal and bacterial species 
within two days of being plated onto antibiotic selective agar. The baits from the P2 soil 
in particular were associated with high levels of bacterial contamination. Where 
characteristic coralloid hyphae were observed growing from the bait material, 
P. cinnamomi detection was confirmed by direct PCR amplification of fungal mycelium 
growing from the bait material or from sub cultures of baited isolates. This enabled the  
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successful identification of several positive baits, which were overgrown by faster 
growing species. Had PCR analysis not been carried out on these overgrown baits, 
recovery by baiting would have been significantly lower (Table 4.3). 
 
 
 
 
 
Table 4.3: Population Density Index (PDI) of P. cinnamomi in five soils sampled from the Great 
Southern region of Western Australia determined by baiting and nested PCR analysis. Baiting results 
are presented for isolations of P. cinnamomi in pure culture as well as direct PCR identification of 
hyphae subsequently overgrown by secondary micro-organisms. 
Sample S1  S2  P1  P2  W1 
Soil Characteristics 
 
Orange/ 
brown clay 
Orange clay  Grey fine sand 
below dead 
Banksia 
baxteri 
Grey fine sand 
below dying 
Banksia 
baxteri 
Roadside clay, 
orange/ brown 
Baiting Pure culture isolations  57  8  6  0  1 
Baiting Direct PCR identification  111  24  29  0  4 
Nested  PCR  Detection  192 192 192 192 192 
 
 
 
  
  94
 
4.3.2 Variation in pathogen detection in response to periods of adverse 
conditions 
 
The production of false negatives during the detection of P. cinnamomi increases during 
summer and winter when the pathogen is less active (Huberli et al. 2000; Weste and 
Vithanage 1978b). Disease management would be enhanced by the availability of a reliable 
detection technique that is not subject to seasonal variation. This was investigated in a 
series of experiments in which baiting and nested PCR detection were compared in three 
soils infested with P. cinnamomi. Each soil sample was stored at 25 and 30 
oC for zero, 6 
and 12 weeks and allowed to dry out progressively over the storage period. 
 
Three naturally infested soils were initially included in this experiment but despite 
preliminary analysis of each soil indicating the presence of P. cinnamomi, the soils 
collected from the Stirling Ranges and Leeming sites resulted in very low and inconsistent 
detection in subsequent analysis. Detection from the soil collected from Leeming resulted 
in a single isolate of P. cinnamomi being isolated from 64 g of soil, while no P cinnamomi 
was recovered from the Stirling Ranges soil following initial isolation of the pathogen from 
the site (Nicole Moore, personal communication 2005). Consequently these two soils were 
not included in the final analysis.  
 
The detectable population from soil collected from Metler decreased over time with higher 
detection sensitivity achieved by nested PCR than baiting in each case (Table 4.4). The 
population density index determined by baiting had an initial PDI of 24 but declined to 12 
following incubation at 25 
oC for 6 weeks (Table 4.4). Likewise, isolation of P. cinnamomi 
from soil stored at 30 
oC decreased from a PDI of 24 to 4 over the same time period. No  
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P. cinnamomi  was detected by baiting following 12 weeks at either temperature. In 
contrast, detection by nested PCR was considerably higher with PDI values of 96 at time 
zero. These subsequently declined to PDI of 40 and 12 following incubation at 25 
oC and 8 
and zero following incubation at 30 
oC for 6 and 12 weeks, respectively (Table 4.4).   
Reductions in PDI were associated with decreased water content of each sample. However, 
this relationship would need to be investigated more extensively, taking into account 
measurements of soil matrix potential in association with detection analysis (Gisi et al. 
1980). 
 
 
 
 
Table 4.4: Comparison of detection of P. cinnamomi  by baiting and nested PCR analysis from a 
naturally infested soil from Metler, Western Australia. Sub samples of soil were stored at 25 and 30 
oC 
respectively to assess the subsequent reduction in disease potential following periods of storage in 
conditions unfavorable to the survival of P. cinnamomi. Pathogen detection was measured using a 
Population Density Index (PDI). 
Storage Temperature  Time  Baiting 
(PDI) 
PCR Detection 
(PDI) 
% Water 
Content 
Time zero 24  96  9.82 ± 0.56 
6 weeks  12  40  2.05 ± 0.66 
25 
oC 
12 weeks  0  12  1.65 ± 0.45 
Time zero 24  96  9.82 ± 0.56 
6 weeks  4  8  1.61 ± 0.25 
30 
oC 
12 weeks  0  0  1.07 ± 0.15  
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4.3.3 Baiting vs DNA detection from field sites 
 
Baiting analysis for this section of work was carried out by Elaine Davison and Francis Tay 
from Curtin University and had been previously published as a component of their 
extended study into baiting detection frequencies of Phyophthora species (Davison and Tay 
2005). 
 
None of the glass bead negative controls incorporated during DNA extraction produced 
positive detection results across the seven sites analysed. Several sets of nested PCR 
analysis were re-run due to contamination of the negative PCR controls. However, all of the 
data presented here is the result of PCR amplification in which no cross contamination was 
observed. 
 
No P. cinnamomi was detected from any soil samples by primary PCR alone. However, 
diagnostic DNA fragments were produced from at least 90 % of the soil samples taken 
from each site using nested PCR (Table 4.5). In contrast, no P. cinnamomi was detected by 
double baiting three of the seven soil samples. Furthermore, the maximum proportion of 
samples from which P. cinnamomi was isolated by baiting was 11.36 % from site 18 
(Davison and Tay 2005).  
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Table 4.5: Proportion of samples from which P. cinnamomi was isolated (%) 
Site* Baiting  *  Nested  PCR 
12 0  92 
13 9.68  98 
14 0  96 
15 0  100 
16 2.63  98 
17 5.13  100 
18 11.36  90 
* Davison and Tay (2005) 
 
 
 
While outright detection results were consistently high across the seven sites, the frequency 
of detection within each sample varied with 10 to 48 % of the soil samples from each site 
being positive for all three replicates (Table 4.6). No direct relationship was observed 
between the location within each plot/site of those samples from which P. cinnamomi was 
isolated by baiting and the frequency of detection by nested PCR. Furthermore, no specific 
relationship was observed between the mapped disease front and the incidence of detection 
by nested PCR.   
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Table 4.6: Frequency of detection of P. cinnamomi from soil samples collected during the comparison of 
baiting and nested PCR detection. Fifty soil samples were collected in a 50 x 100 m grid spanning an 
active dieback front at each site. Sets of 10 samples were collected along five parallel transects (A-E) at 
10 m intervals.   
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4.3.4 Consistency of detection 
 
Soil samples were collected from Metler, Mandawerup, Chiukup and Yalgorup NP, and 
baited to confirm the presence of P. cinnamomi. Fifty, 1 g sub-samples from each of the 
four soils were analysed to determine the frequency of detection by nested PCR. These 
samples were processed as described in Section 2.2.5 with the exception that the samples 
were not freeze dried prior to DNA extraction. The proportion of samples from which 
P. cinnamomi was detected varied across the four soils analysed with between 18 and 28% 
of the samples producing positive results (Table 4.7). 
 
4.3.5 Cross contamination analysis 
 
The high sensitivity of molecular detection is accompanied by increased risk of cross 
contamination.  To assess the prevalence of cross contamination in processing soil samples 
for nested PCR analysis, fifty 1 g sub-samples from three non-infested soil media and one 
set of glass bead controls were randomly incorporated into the DNA extraction and PCR 
processing of the four soils described above (Section 4.3.4). The three soils were GinGin 
red sand, native potting medium and white sand (Soils ain’t Soils, Cannington). Each of 
these soils was sourced from P. cinnamomi free areas.   
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Table 4.7: Proportion of 1 g sub-samples from which P. cinnamomi was detected by nested PCR from 
four soils infested with P. cinnamomi along with four samples free of the pathogen.  
Soil Sample  Detection of P. cinnamomi 
detected by nested PCR 
Isolation of 
P. cinnamomi by baiting 
Metlar 24  %  + 
Mandawerup 18  %  + 
Chuikup 28  %  + 
Yalgorup 20%  + 
Gin-Gin Red Sand  0  - 
Native Potting Medium  0  - 
White Sand  0  - 
Glass Beads  0  - 
 
4.3.6 Sequence Confirmation 
 
Of the 65 samples from which re-amplification of the P. cinnamomi specific fragment was 
attempted, only five positive fragments were recovered. In many cases, re-amplification 
from the original DNA extract was unsuccessful despite the fact that P. cinnamomi had 
been previously detected from each of the samples selected. With the exception of two 
nucleotide polymorphisms at the start of the sequence from Site 16, 100% homology was 
observed between each of the sequences amplified from soil and numerous ITS1, 5.8S and 
ITS2 sequences of P. cinnamomi  in GenBank (Figure 4.1) (Altschul et al. 1997). The 
sequence variation observed in the sequence from Site 16 was likely to be an artefact of the 
sequencing reaction as analysis of the chromatogram in this region was associated with 
high background signals. As the remainder of the sequence showed 100% homology with 
P. cinnamomi sequences already present on the Genbank database, it was decided that no 
further confirmation was required for the purpose of this study.  
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 10  20  30  40  50  60 
 |  |  |  |  |  | 
AY964101 TGTACG-GAC  ACTGATACA-    GGCATACTCC   CAGGACTAAC CCGGAAGTGC AATATGCGTT 
Site 16  ......C...   .........T   ..........   ..........   ..........   .......... 
Yalgorup NP  .......-..   .........- ..........    ..........   ..........   .......... 
Metler .......-..    .........- ..........    ..........   ..........   .......... 
Leeming .......-..    .........- ..........    ..........   ..........   .........N 
Mandawerup         ....-  ..........   ..........   ..........   .......... 
        
 
 
      
 70  80  90  100  110  120 
 |  |  |  |  |  | 
AY964101 CAAAATTTCG  ATGACTCACT    GAATCCTGCA   ATTCGCATTA   CGTATCGCAG   TTCGCAGCGT 
Site  16  .......... .......... .......... .......... .......... .......... 
Yalgorup  NP  .......... .......... .......... .......... .......... .......... 
Metler  .......... .......... .......... .......... .......... .......... 
Leeming  -NNNN..... .......... .......... .......... .......... .......... 
Mandawerup    .......... .......... .......... .......... .......... .......... 
 
 
      
        
 130  140  150  160  170  180 
 |  |  |  |  |  | 
AY964101 TCTTCATCGA  TGTGCGAGCC    TAGACATCCA   CTGCTGAAAG   TTGCTATCTA   GTTAAAAGCA 
Site  16  .......... .......... .......... .......... .......... .......... 
Yalgorup  NP  .......... .......... .......... .......... .......... .......... 
Metler  .......... .......... .......... .......... .......... .......... 
Leeming  .......... .......... .......... .......... .......... .......... 
Mandawerup    .......... .......... .......... .......... .......... .......... 
 
 
      
        
 190 200 210 220 230 240 
 | | | | | | 
AY964101 GAGACTTTCG  TCCCCACAGT    ATGTTCAGTA   TTACAGAATG   GGTTTAAAAG   AGAGGCTACT 
Site  16  .......... .......... .......... .......... .......... .......... 
Yalgorup  NP  .......... .......... .......... .......... .......... .......... 
Metler  .......... .......... .......... .......... .......... .......... 
Leeming  .......... .......... .......... .......... .......... .......... 
Mandawerup  .......... .......... .......... .......... .......... .......... 
 
 
      
        
 250  260  270  280  290  300 
 |  |  |  |  |  | 
AY964101 AGCTCAGTTC  CCCCGAGAGG    GACCCAAACG   CTCGCCAGTG   ATAGGGCCCG   CCACGCAGCA 
Site  16  .......... .......... .......... ........     
Yalgorup  NP  .......... .......... .......... .......... .......... .......... 
Metler  .......... .......... .......... .......... .......... .......... 
Leeming  .......... .......... .......... .......... .......... .......... 
Mandawerup ..........  ..........  ...       
 
 
      
        
  310  320  330  340  350      356 
  |  |  |  |  |       | 
AY964101 GCAGCCGTCG  ACTTTGACAT    CGACAGCCGC   CGCCCAGAGC   AGGCCCCCAA   CTAATA 
Site  16        
Yalgorup  NP  .......... .......... .......... .......... .......... ...... 
Metler  .......... .......... .......... .......... .......... ...... 
Leeming  .......... .......... .......... .......... .......... ...... 
Mandawerup        
 
 
 
Figure 4.1:  Alignment of Phytophthora cinnamomi ITS sequences highlighting nucleotide differences 
between five sequences amplified from soil samples collected from Site 16, Yalgorup NP, Metler, 
Leeming, and Mandawerup. For the purpose of sequence comparison, each of the sequences was 
compared to sequence AY964101 sourced from GenBank (Polshock et al. 2005).  
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4.4 Discussion 
 
This study has demonstrated that nested PCR was consistently more sensitive than baiting 
in detecting P. cinnamomi  from naturally infested soil. The high detection frequencies 
obtained from small (1 g) soil samples throughout this study indicated that P. cinnamomi 
was ubiquitously distributed throughout the soil profile in sites adjacent to dieback margins. 
In the establishment of the sampling grids used for this study, the position of live and dead 
Banksia species were mapped in relation to the sampling grid and used to indicate the 
dieback margin (Davison and Tay 2005). However, no apparent relationship was observed 
between the front of disease symptoms and detection by nested PCR. This study has shown 
that P. cinnamomi was consistently present ahead of this margin of dieback symptoms and 
that as a consequence nested PCR detection improves the accuracy of disease mapping. 
 
The high detection frequency in the current study by nested PCR, suggested that the 
pathogen was distributed throughout the soil in densities sufficient to be detected by nested 
PCR. However, little is currently known about the behaviour of P. cinnamomi within the 
soil or its saprophytic behavior (McCarren et al. 2005). Furthermore, the distribution of 
P. cinnamomi within the soil profile is not well understood. As a consequence, detection 
data was difficult to interpret without being more informed about the biology and 
epidemiology of the pathogen in different ecosystems and the associated detection 
sensitivity from different soils. A correlative analysis between the presence of the pathogen 
and different physical and chemical factors would also aid the interpretation of diagnostic 
data. This could be achieved by integrating detection studies with those investigating the 
saprophytic abilities and survival mechanisms of P. cinnamomi (McCarren et al. 2005).   
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Despite the sensitivity of nested PCR detection, Hayden et al. (2004) observed an apparent 
seasonal influence on the detection of P. ramorum from plant tissues. They concluded that 
detection was best carried out during warm and moist conditions favorable to Phytophthora 
development during which the population of the pathogen proliferates. As P. cinnamomi 
populations display similar fluctuations in response to seasonal variation (Weste and 
Vithanage 1978b), it is likely that detection of P. cinnamomi by nested PCR would be 
further increased during periods of favorable conditions. This strategy is often adopted 
when detecting Phytophthora  species by direct plating or baiting analysis to improve 
detection sensitivity and is not necessarily obviated by the improved sensitivity of nested 
PCR detection (Hayden et al. 2004). While detection frequencies throughout this study 
were considerably greater than those produced by baiting analysis, significant variation was 
observed in the frequency of detection across the soils analysed. To better interpret PCR 
detection results, further investigation is required to determine how the population of 
P. cinnamomi  varies in different soil, vegetation, climatic and geological systems. 
Fluctuations in the chemical composition of the soil under changing conditions may have 
an effect on the efficiency of the PCR reaction. This should also be taken into account in 
future studies. 
 
The high detection frequencies observed during comparison of baiting and nested PCR 
detection (Section 4.3.3) were contrasted by the consistency of detection study (Section 
4.3.4) in which detection frequencies were much lower. This may be explained by the fact 
that the samples in Section 4.3.3 were freeze-dried prior to DNA extraction, as they needed 
to be stored prior to analysis due to the large number of samples processed. In contrast, the 
DNA extractions of samples in Section 4.3.4 were performed immediately and were not  
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freeze dried prior to analysis. This may indicate that freeze-drying increased the yield of 
P. cinnamomi DNA isolated from soil samples and may also have a role in decreasing the 
level of DNA degradation prior to and during DNA extraction. Alternately, these 
differences may represent variation in soil chemistries, vegetation types or relative 
incidence of P. cinnamomi  within each soil. Each of these factors requires further 
investigation to clarify the level of variation in detection of P. cinnamomi by nested PCR 
detection. 
 
The difficulties encountered in trying to re-amplify stored soil DNA extracts several 
months after carrying out the initial DNA extraction and nested PCR amplification has 
highlighted the susceptibility of DNA to degradation, particularly for extracts from soil 
samples. Hayden et al. (2004) noted similar inconsistencies in their survey of P. ramorum 
where they were unable to replicate amplification from several DNA extracts to confirm 
detection from some sites. They also cited that changing frequencies in detection were 
associated with changes in environmental conditions meaning that in some cases 
subsequent samples collected from the same site did not necessarily reproduce previous 
positive results (Hayden et al. 2004). To limit such inconsistencies in PCR analysis, DNA 
samples need to be stored stably to enable subsequent investigation of DNA extracts at a 
later date. This has highlighted the potential benefit in further investigating the role of co-
extracted inhibitors in DNA degradation and PCR inhibition. Further research could 
investigate the storage and degradation of DNA extracts in the presence of humic, fulvic 
and tannic acids. Furthermore, in light of the findings in the previous study, the addition of 
BSA to storing soil-DNA extracts may limit degradation of sample DNA. 
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It is common for diagnostic PCR of plant pathogens to require a nested design. However, 
this is associated with an increased risk of producing false positives through the cross 
contamination of PCR reactions (Hayden et al. 2004). The most likely source of cross 
contamination in nested PCR analysis is ultimately due to human error while loading the 
DNA samples into the primary PCR reactions, diluting primary PCR products and loading 
the nested PCR reactions. In the current study each sample had a negative PCR control 
located within two reaction wells of it. It is likely that cross contamination caused by 
aerosols produced during nested PCR would have been detected. All of the PCR reactions 
carried out during this study were performed in 96 well PCR plates using an eight-channel 
pipette. A considerable reduction in cross contamination would be expected if the 
processing of PCR reactions was performed using a robotic work station to increase the 
accuracy of sample handling and minimise contamination. 
 
As this study has established an effective nested PCR detection system for P. cinnamomi 
the next stage in the development of this technique would be to adapt the DNA extraction 
and nested PCR protocols to robotic work stations. As discussed above, this will have the 
advantage of reducing the incidence of cross contamination, but will also enable the 
processing of samples to become more streamlined and efficient. Improved processing 
capacity will have the additional benefit of limiting the length of time samples are stored 
potentially leading to more consistent and reproducible detection analysis. 
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The findings of this study support the claims of molecular detection being more sensitive 
than baiting; however the variability in frequencies of detection and the sporadic nature of 
baiting detection make it difficult to quantify the improvement in sensitivity in real terms 
for naturally infested samples. Despite the increased sensitivity of nested PCR detection, a 
range of biological, geological and climatic factors need to be considered. For example, 
population densities have been shown to vary between regions infested with P. cinnamomi 
(Blowes 1980). As such, detection of P. cinnamomi needs to be validated across a range of 
soil and vegetative systems to allow meaningful interpretation of detection results. 
Furthermore, investigation needs to be carried out to determine the optimal sampling 
regime for nested PCR detection from soil samples. Factors that need to be investigated 
further would include the influence of soil physical and chemical characteristics on PCR 
detection of P. cinnamomi, the influence of freeze drying, optimal sample size, and storage 
strategies. Finally, investigation into the incidence of indicator species, root symptoms and 
detection frequencies is needed to clarify the relationship between symptom development 
and the presence of the pathogen within the soil.  
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 Chapter 5 
 
Use of hybridization melting kinetics for 
detecting Phytophthora species using 
three-dimensional microarrays: 
demonstration of a novel concept for the 
differentiation of detection targets. 
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5.1 Introduction 
 
In its conventional format molecular detection by PCR is limited to detection of one or a 
few pathogens in a single test, adding considerably to the cost of analysis. The application 
of microarrays in the detection of bacterial and viral species in various environments has 
enabled parallel detection of multiple species in a high throughput format conducive to 
automation (Loy et al. 2002; Small et al. 2001). However, the application of microarray 
technology to pathogen detection has been impeded by inconsistencies between the 
hybridisation intensities of some target and non-target probe duplexes (Schepinov et al. 
1997). These inconsistencies have been attributed to several factors including steric effects, 
secondary DNA structure and the overall melting characteristics of both probe and target 
sequences (Schepinov et al. 1997).  Furthermore, the two dimensional microarray systems 
currently available are limited by the rate of diffusion of the target across the entire array 
and the inability to carry out real time analysis of the hybridization. These two dimensional 
systems require hybridisation for between 12 and 24 hours as well as separate 
hybridisations for each experiment (Loy et al. 2002). 
 
Many of these limitations have been overcome in the present study using PamChip 
microarrays. These are a three dimensional arraying platform consisting of a porous, flow 
through substrate mounted within a hybridisation chamber (Anthony et al. 2003). This 
system drastically reduces hybridisation times, allows real time monitoring of hybridisation 
reactions, and enables the hybridisation temperature or buffer to be varied throughout the 
analysis. This study demonstrates the concept of applying melting kinetics of the probe-
target duplex as the determinant of species detection. Throughout this study PCR  
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amplification products of several Phytophthora species were used as a model for the 
potential application of this method to the fields of plant pathology and environmental 
mycology. 
 
Microarray based detection has been previously limited by variable and inconsistent 
hybridisation intensities across the diversity of probes used in each array. The aim of this 
study was to develop a microarray, which enables the differentiation of Phytophthora 
species. In doing so, a novel concept for the differentiation of detection targets of several 
species of Phytophthora using duplex melting kinetics is introduced.  
 
5.2 Materials  and  Methods 
5.2.1 Sourcing and maintenance of Phytophthora isolates 
 
As this section of work was carried out in the Netherlands, individual isolates of the eight 
Phytophthora species studied were sourced from the Dutch Plant Protection Services 
(Table 5.1). Isolates were cultured on Pea Agar (120 g frozen peas, 15 g agar, 2.5 g sucrose, 
1 L tap water) at 24 
oC for three days, sub-cultured into clarified pea broth (120 g frozen 
peas, 1 L tap water) and grown for a further three days at 24 
oC. The mycelium was 
harvested, washed in sterile distilled water and lyophilized overnight. Genomic DNA was 
extracted using a Puregene DNA Purification Kit; DNA Purification From 10-20 mg 
Fungal Tissue (Gentra Systems, Minneapolis, Minnesota USA).  
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Table 5.1: Isolates of Phytophthora species used 
Species Isolate  Number  Source 
 
P. cambivora 
 
BBA 21/95-K-11 
 
BBA Braunschweig, Germany 
P. cactorum  PD 88/415  Plant Protection Services, Wageningen, the Netherlands 
P. cinnamomi   BBA 62660  BBA Braunschweig, Germany 
P. cryptogea  PD 20009183  Plant Protection Services, Wageningen, the Netherlands 
P. erythroseptica  PD 92/133  Plant Protection Services, Wageningen, the Netherlands 
P. infestans  PD 94  Plant Protection Services, Wageningen, the Netherlands 
P. nicotianae  Coffey P 582  M. Coffey, USA 
P. ramorum  PD 20019543  Plant Protection Services, Wageningen, the Netherlands 
 
 
 
5.2.2 Design of Microarray Probes 
The ITS1 region for each isolate of Phytophthora was sequenced using Big Dye Terminator 
Kit (Applied Biosystems) with ITS1 (5’-CTCGACCGTTAGCAGCATGA) and ITS2a 
(5’-TCATGCTGCTAACGGTCGAG) primers. These were aligned with sequences sourced 
from the Genbank database to confirm the identity of the isolates used throughout this 
study. 
 
The microarray probes were designed to target several diagnostic sequences within the 
ITS1 region of each species of Phytophthora studied (Table 5.1). A consensus sequence 
was generated by aligning multiple sequences of each species derived from Genbank along 
with those of the isolates being studied. The consensus sequences for each species were 
aligned with other Phytophthora species and regions of interspecies variability were 
identified. The probes were designed to target diagnostic sequences for each species such 
that each probe had a length of 18 to 24 nucleotides with a melting temperature of the 
probe-target duplex between 58 and 62 
oC (Bodrossy 2003; Sambrook et al. 1989). Regions  
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of variation within a species were noted and avoided as potential targets for candidate 
species probes. Where possible, probes were designed to have as many 3’ to centrally 
located mismatches as possible (Loy et al. 2002). Using this rationale, several partially 
overlapping or non-overlapping probes were designed for each species of Phytophthora 
(Table 5.2). Two genus specific probes were designed to target all Phytophthora species. 
An internal standard probe was printed four times on each array for signal normalisation. 
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Table 5.2: Sequences of oligonucleotide probes used in constructing a diagnostic array for 
differentiating between several species of Phytophthora. 
Target Species  Probe  Length  Probe Sequence 
P. cactorum  CAC2 
CAC2B 
CAC5 
22 
20 
24 
GACGAAAGTCCTTGCTTTTAAC 
CGAAAGTCCTTGCTTTTAAC 
GTAGCTTTTCTTTTAAACCCATTC 
 
P. cinnamomi CIN2 
CIN3 
CIN3B 
CIN4 
CIN4B 
CIN5 
CIN5B 
20 
22 
20 
19 
20 
23 
20 
CCTATCACTGGCGAGCGTTT 
CAATTAGTTGGGGGCCTGCTCT 
ATTAGTTGGGGGCCTGCTCT 
ACGGCTGCTGCTGCGTGGC 
CGACGGCTGCTGCTGCGTGGC 
CCTCTCTTTTAAACCCATTCTGT 
TCTCTTTTAAACCCATTCTG 
 
P. cryptogea/ 
P. erythroseptica 
CRY1B 
CRY4 
CRY6 
ERY1 
ERY1B 
20 
23 
20 
19 
20 
GGGCTAGTAGCGTATTTTTA 
GGCTAGTAGCGTATTTTTAAACC 
GACCGCTTGGGCCTCGGCCT 
CGGTTTTCGGCTGGCTGGG 
CGGTTTTCGGCTGGCTGGGT 
 
P. infestans INF2 
INF3 
INF4 
INF4B 
INF5 
INF6 
19 
20 
21 
20 
20 
22 
GGGGGTCTTACTTGGCGGC 
CCCTATCAAAAGGCGAGCGT 
TCTTACTTGGCGGCGGCTGCT 
GTCTTACTTGGCGGCGGCTG 
GGGGGTCTTACTTGGCGGCG 
CCCTATCAAAAGGCGAGCGTTT 
 
P. nicotianae NIC1 
NIC1B 
NIC3B 
NIC4 
NIC4B 
22 
20 
20 
22 
20 
CCTATCAAAAAAAAGGCGAACG 
CTATCAAAAAAAAGGCGAAC 
GCTTCGGCCTGATTTAGTAGT 
GTCTTATTTGGCGGCGGCTGCT 
GTCTTATTTGGCGGCGGCTG 
 
P. ramorum RAM2 
RAM3 
19 
20 
GAGCGCTTGAGCCTTCGGG 
GCGCTTGAGCCTTCGGGTCT 
 
All  Phytophthora 
sp. 
PHYT1 
PHYT1B 
 
24 
20 
GCTTTTAACTAGATAGCAACTTCA 
GCTTTTAACTAGATAGCAAC 
 
Non-Target Probes 
P. capsici 
P. citricola 
P. fragariae 
P. gonopolydes 
P. megasperma 
P. palmivora 
P. sojae 
 
CAP4 
CIC1 
FRA4 
GON1 
MES2 
PAL1 
SOJ4 
23 
22 
22 
22 
22 
24 
21 
AAACCCATTTCACAAAACTGATT 
CTTGCTTTTTTGCGAGCCCTAT 
GTAGCCCTTTTCTTTTAAACCC 
GGCGTGCGTGCTGGCCTGTAAT 
GTAATGGGTCGGCGTGCTGCTG 
CGGTCTGAACTAGTAGCTTTTTTA 
AGTCGGCGGCTGGCTGCTGTG 
 
Internal Standard  -  20  CTCGACCGTTAGCAGCATGA  
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5.2.3 Preparation of Target DNA 
Due to biases of PCR amplification and the known variability of amplification procedures, 
hybridization experiments throughout this study utilized mixtures of quantified amounts of 
purified PCR products. The ITS1 region of each species of Phytophthora was amplified 
with the ITS1 and ITS2a primers in a 50 μl reaction containing 67 mM TrisHCl pH 8.8, 
16.6 mM (NH4)2SO4, 0.45 % Triton X-100 (Invitrogen), 0.2 mM dNTP’s, 0.25 μM primers, 
1 U Taq DNA polymerase, and 1 ng DNA template. The PCR program involved an initial 
denaturation at 95 
oC for 2 minutes, followed by 30 cycles of 95 
oC for 1 minute, 60 
oC for 
30 seconds, 72 
oC for 1 minute, and a final polymerisation stage at 72 
oC for 2 minute. 
 
Single stranded amplification of the ITS1 region was performed using a fluorescently 
labelled ITS2a primer using the following amplification mixture; 0.3mM dNTP’s, 67mM 
TrisHCl pH 8.8, 16.6 mM (NH4)2SO4, 0.45% Triton X-100 (Invitrogen), 0.36 μM ITS2aF, 
0.5 mM MgCl2, 1.5 U 0.5 µl Taq polymerase (Invitrogen), and 1 ng of the double stranded 
PCR product. The PCR program included denaturation at 95 
oC for 2 minutes, followed by 
50 cycles of 95 
oC for 1 minute, 60 
oC for 30 seconds, 72 
oC for 1 minute, and a final 
polymerization stage at 72 
oC for 2 minutes. 
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5.2.4 Microarray Hybridisation 
Target DNA was hybridised to the array in a thermostatically controlled 4-array incubator 
(FD10, Olympus) in 30 µl of SSPE buffer (Invitrogen). The FD10 system enabled the 
fluxing of the hybridisation solution back and forth through the pores of the microarray 
substrate and real-time monitoring of the hybridisation reaction with the incorporation of a 
CCD camera (Beuningen et al. 2001). The array was initially washed three times with 
hybridisation buffer with the SSPE pumped through the array five times during each wash. 
The hybridisation mixture containing 30 µl of SSPE buffer, 100 nM of the internal standard 
and the fluorescently labelled target DNA, was hybridised to the array at 37 
oC for 30 
minutes, pumping two cycles of 50 µl per minute; the additional 20 µl pumping volume 
allowing the hybridisation solution to pass completely through the array membrane with 
each pumping cycle. The hybridisation mixture with the unbound target DNA and internal 
standard was removed and the array washed three times with fresh hybridisation buffer. 30 
µl of fresh SSPE buffer was added, the temperature of the hybridisation chamber increased 
to 40 
oC and held for two minutes. Pumping proceeded for a further two minutes at two 
cycles per minute. When the hybridisation buffer was on the under side of the microarray 
membrane, it was photographed using the fluorescein filter for 1000 and 2000 ms. This 
cycle was repeated at increasing temperature increments of by 5 
oC intervals up to 75 
oC. 
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5.2.5 Image Analysis 
Images were analysed using ArrayPro® Software (Media Cybernetics, Silver Springs, MD, 
USA). Median intensities were calculated using local corners background removal for each 
probe signal, whereby the data were exported to Microsoft Excel® for preliminary analysis. 
All hybridisation experiments were replicated three times on separate microarrays with 
individual probes printed twice in a systematically replicated pattern. All hybridisation 
intensity data were transformed by taking Log2 of the hybridisation intensities and then 
standardized as a percentage of the hybridisation intensity of the internal standard at 40 
oC. 
The melting curve of each probe was plotted and duplex stability analysed by determining 
the temperature (T60) at which 60 % of the change in hybridisation intensity from 40 to 
75 
oC was observed. The data were extrapolated from the hybridisation kinetics of each 
probe duplex (Figure 5.1). The probe efficiency of each probe-target duplex was defined as 
the ratio of the T60 of the probe duplex to all Phytophthora probe duplex on that array. 
(Figure 5.1a) The relative signal was then determined as the ratio of the probe efficiency of 
a given probe duplex to that probe on a standard hybridisation in which 50 ng of the 
intended target species of the given probe was hybridised in 1xSSPE (Figure 5.1b). These 
data were analysed by ANOVA analysis using Genstat 7 (Lawes Agricultural Trust, Oxford 
UK).   
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a)   HI60 = 0.6(HI40j-HI75j) + HI75j 
Where;   HI60 = Hybridization Intensity at which 60% of the initial probe-duplex  
                hybridisation intensity was present 
HI40j = Hybridization intensity of probe-target duplex j at 40 
oC 
  H I 75j = Hybridization intensity of probe-target duplex j at 75 
oC 
 
b)   Probe Efficiency xi =   T60 xi / T60 PHYT1i 
Relative Signal xi =  Probe efficiency  xi  / Probe efficiency  xii 
Where;    x = the probe duplex being analysed 
i = the array being analysed 
ii = the standard array for the intended target of that probe 
 
Figure 5.1 (a) Determination of T60 values extrapolated from real time kinetic hybridizations on the 
PamGene microarray system. The T60 value was taken as the temperature at which 60 % of the total 
change in hybridization intensity from 40 to 75 
oC was observed. (b) Calculation of Probe Efficiency 
and Relative Signals for probe-duplexes formed during kinetic analysis of Phytophthora species. 
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The use of duplex stability for microarray-based diagnostics was evaluated by comparing 
the T60 values, theoretical duplex stabilities and hybridisation intensities of each of the eight 
Phytophthora species being analysed. Tm values for each of the target and mismatched 
duplexes were calculated using the m-fold algorithm (Zuker 2003) and compared to both 
the T60 and hybridisation intensities at 60 
oC. 
 
5.3 Results 
5.3.1  Microarray Detection and Sensitivity 
50 ng of ITS PCR products from eight species of Phytophthora were individually 
hybridised to the microarray in 1xSSPE hybridisation buffer to assess the binding 
specificity of each probe. The species analysed were P. cinnamomi,  P. nicotianae, 
P. infestans,  P. cryptogea, P. erythroseptica,  P. cactorum,  P. cambivora and P. ramorum 
(Table 5.3). P. cambivora was included as a negative control as no probes targeting 
P. cambivora were present on the microarray. The results obtained by hybridization of 
target DNA from eight species of Phytophthora are shown in Table 5.3a. Of the 30 probes 
tested on the array, 26 showed specific hybridization to their target DNA. In each case the 
T60 value for hybridisation to the target of the same species was significantly (P ≤ 0.05) 
greater than the values for hybridisation to DNA from different species. For example, the 
CAC probes hybridised to P. cactorum DNA with an average T60 of 61 ± 1.6 
oC compared 
to an average of 50 
oC for hybridisation to non-target species. These correspond with the 
relative signal data displayed in the first column of Table 3a in which the hybridisation of 
CAC2 differentiates P. cactorum from the remaining species of Phytophthora.  
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Several probes, which had hybridisation signal intensities considerably, lower than other 
target probes such as RAM2 and RAM3 could be clearly differentiated by T60 evaluation 
(Appendix 1). In some cases non-target probes formed duplexes with thermal stabilities, 
which were marginally less than that of the target species.  
 
Of the eight species tested, P. nicotianae showed high levels of cross hybridisation with 
several probes targeting P. infestans and vice versa. Comparison of these duplexes showed 
single base pair sequence variation and high melting stabilities for the mismatched duplex 
(Appendix 1). However, NIC1, NIC1B, NIC3 and NIC4B all clearly differentiate 
P. nicotianae from P. infestans. Due to high levels of cross hybridisation NIC4, INF4B and 
INF5 may be excluded from future analysis. However, these probes successfully 
differentiate their target from other species of Phytophthora and therefore could maintain 
utility on a multiplex microarray. The ubiquitous probes targeting all of the Phytophthora 
species displayed consistently strong thermal stability across all of the species analysed. 
 
Although some individual probes showed cross hybridization to non-target species (ERY1, 
INF4, NIC4), when we take the average of the T60 values for the probes for each species the 
specificity becomes apparent (Table 5.3a). For each of the eight species tested the average 
T60 values were significantly higher (p≤ 0.05) than those to non-target species. 
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The relative sensitivity of detection was assessed by hybridizing 50, 25, 12.5 and 6.25 ng of 
single stranded P. cinnamomi ITS amplicons in 1xSSPE hybridisation buffer. This analysis 
was carried out to determine the effect of differing target concentration on detection using 
hybridisation kinetics. Serial dilution of target DNA resulted in uniform reduction in T60 
values with target species differentiation maintained down to 6.25 ng of target DNA (Table 
5.3b).  
 
5.3.2  Detection of artificially mixed populations of Phytophthora 
species 
Amplification products of P. cinnamomi and P. nicotianae were hybridised concurrently on 
a single array in 1xSSPE to analyse the detection of multiple Phytophthora species using 
the PamGene system (Table 5.3c). The consistency and relative sensitivity of two species 
detection was assessed by hybridizing 50 ng of P. nicotianae with 50, 25, 12.5 and 6.25 ng 
of  P. cinnamomi. Two species mixtures of P. nicotianae and P. cinnamomi displayed 
consistent thermal stabilities for the probes targeting P. nicotianae, which closely reflect 
the single species hybridisation of P. nicotianae (Table 5.3a). Incrementally lower thermal 
stabilities were observed for the probes targeting P. cinnamomi, closely correlating with the 
T60 values of P. cinnamomi dilutions (Table 5.3b).  
 
The potential of using the system for multiplex detection was extended to three species 
using P. cinnamomi, P. nicotianae and P. infestans hybridised in various concentrations of 
hybridisation buffer. In addition, the consistency of detecting multiple species using 
different hybridisation buffers was compared as increased non-target DNA may influence 
the stringency of DNA hybridisation. 50 ng of P. cinnamomi, P. nicotianae and P. infestans  
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amplicons were hybridized in 5xSSPE, 2.5xSSPE, 1xSSPE and 0.5xSSPE. Mixtures of 
P. cinnamomi, P. nicotianae and P. infestans produced T60 values which were highest for 
the target probes for each of the three species added (Table 5.3d). Hybridisation of the three 
targets in 1xSSPE produced lower T60 values for specific probes than in the individual 
species study (Table 5.3a). SSPE concentration had a significant (p≤0.05) influence on the 
T60 equilibrium with increased values for the CIN, INF and NIC probe duplexes in 
5xSSPE. This was not accompanied by an increase in non-target duplex stability with no 
significant change in the T60 values of the CAC, CRY and RAM probes with increased 
SSPE concentration. This indicates that hybridisation stringency was increased in the 
presence of larger amounts of non-target DNA. 
 
A strong linear relationship (f pr. > 0.001) was observed between the matched and 
mismatched T60 values of all eight species of Phytophthora and the duplex Tm predicted by 
the m-fold method (Figure 5.2). Mismatched duplexes displayed higher levels of variation 
than perfectly matched duplexes. In contrast, analysis of hybridisation intensity of target 
duplexes at individual temperatures did not demonstrate any clear relationship with 
predicted duplex stability (Figure 5.3). Hybridisation intensity data accounted for an 
optimum of 50 % of the variation across all target duplexes at any given temperature.  
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5.4 Discussion 
This study has demonstrated that kinetic based microarray analysis using the PamGene 
microarray system has good potential in detection and differentiation of microbial species. 
Previous investigations into the design and hybridisation characteristics of probes for 
detection arrays have sought to design probes that have uniform hybridisation behaviour 
(Bodrossy et al. 2003). However, several studies have shown that probes often display 
hybridisation characteristics contrary to their intended design (Schepinov et al. 1997). This 
has been attributed to indirect factors such as the density of probes, physical interference of 
the array surface, secondary structures of DNA and the inability to accurately predict the 
hybridisation kinetics of DNA bound to solid surfaces (Bahnweg et al. 1998; Bodrossy 
2003; Dai et al. 2002; Peterson et al. 2001; Schepinov et al. 1997). Detection analysis were 
determined by comparing the signal intensity of perfectly matched duplexes and mismatch 
controls. While these internal control measures have attempted to account for variations in 
hybridisation characteristics, this has recently been shown to be ineffective (Lee et al. 
2004). These problems have been overcome in the present study using the kinetic profile of 
target hybridisation.  Due to minimal sequence variation between some of the species of 
Phytophthora studied, it was not possible to design an ideal set of probes for each species.  
Analysis of the T60 melting kinetics enabled target and non-target hybridisation to be 
differentiated, allowing the use of several probes that displayed consistently low 
hybridisation intensities. Such probes cannot be differentiated by conventional microarray 
analysis of hybridisation signal data. In future studies, more variable gene regions, such as 
those found in the mitochondrial genome could be utilised in preference to the ITS regions 
of rDNA. These regions may facilitate the design of probes which can be more successfully 
differentiated using T60 melting kinetics.  
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 The real time kinetics of the PamGene microarray allowed the majority of probes to be 
used to identify each of the intended target species. This is an advantage when designing 
detection arrays for closely related species as probe design is limited to the sequence 
variation available making it difficult to design ideal sets of probes (Bodrossy 2003). On a 
conventional microarray system, parallel hybridisations would have needed to be carried 
out on separate arrays at nine different temperatures to gain the equivalent data generated 
during this analysis. Automated fluxing reduced hybridisation times and temperature 
control of the PamGene system all attribute to the highly reproducible kinetic analysis 
performed on this system.  
 
Comparison of the kinetic data generated on the PamGene microarray showed close 
correlation with established kinetic models predicting duplex kinetics (Zuker 2003). In 
contrast, the hybridisation intensity of the duplexes did not always correlate closely to 
predictions of hybridisation behaviour. This allows probe-duplex behaviour to be predicted 
prior to array manufacture, significantly reducing the cost and time taken to produce 
diagnostic arrays. The relationship between the predicted and observed T60 values may be 
improved with further modelling of the melting kinetics of probe-target duplexes on the 
PamGene system.  
 
In developing a microarray system for multiplex detection of Phytophthora species, it is 
critical that variable proportions of different targets can be identified within a single assay. 
Hybridisation intensities were observed to vary greatly with changes in the amount of target 
DNA, which implies that analysis based on such data requires uniform concentrations of 
each DNA to be present. This may not be practical for multiplex detection from 
environmental samples due to variations in the amount of target DNA for each species  
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detected. T60 analysis enables detection products to be analysed over a broader range of 
target DNA concentrations, meaning hybridisation kinetics display greater potential for 
multiplex species detection than conventional microarray analysis. 
 
This study was established as a ‘proof of concept’ investigation into the use of probe-target 
melting kinetics as a determinant of species identification. It has demonstrated that the 
reduced hybridisation times and real time kinetics of the PamGene microarray system is of 
great benefit in differentiating between microbial species.  The kinetic output is critical in 
differentiating between closely related species and distinguishing target and non-target 
probe duplexes. As each probe-duplex interaction displays a unique thermal stability curve, 
melting kinetics were found to be more systematic in assessing hybridisation specificity 
than hybridisation intensity analysis used in conventional microarray analysis. 
 
The practical application of this technology will require further modelling of probe-duplex 
interactions across an expanded range of closely related and non-related species 
representative of populations likely to be encountered in real life detection samples. The 
species of Phytophthora selected for this study are not necessarily all found in the same 
biological samples, be that soil, plant tissue or water. However, the analysis of these 
samples allowed the concept of differentiating between several closely related species to be 
demonstrated. This technology could be extended to design arrays targeting suites of 
pathogenic organisms found in specific agricultural or native plant systems. This series of 
experiments has verified the potential of hybridisation kinetic analysis for use in the 
detection of multiple Phytophthora species and could be applied to plant pathology, bio-
security and population diversity studies.  
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Chapter 6   
 
Characteristics of probe-target duplex 
formation on three dimensional microarrays 
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6.1 General  Introduction 
 
While it is broadly acknowledged that the hybridisation of target DNA to immobilised 
probes varies, there are no algorithms yet developed which accurately predict the 
hybridisation capacity of probes attached to array surfaces. This is complicated by the 
multitude of variables involved in microarray hybridisation, all of which have a potential 
influence on duplex formation (Denef et al. 2003; Park et al. 2003; Relogio et al. 2002).  
 
This chapter addresses some of the key issues which were raised during the analysis of the 
Phytophthora microarray which directly pertain to the hybridisation behaviour of probes 
rather than the outcomes of species detection which were discussed in Chapter 5.  These 
included; (1) the reproducibility of microarray data, (2) rate of duplex formation, (3) target 
amplification strategy for microarray analysis, (4) purification of PCR products, (5) use of 
spacer molecules, (6) probe design strategy, (7) analysis of mixed target samples, and (8) 
influence of secondary folding of the target and probe DNA sequences. This analysis has 
been performed with the aim of improving the overall understanding of probe hybridisation 
to enhance a priori assessment of diagnostic microarray systems.  
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6.2   Reproducibility of microarray data 
 
6.2.1 Introduction 
 
There are many factors that can potentially introduce variation into microarray analysis. 
These include the array manufacture and probe spotting, probe density, uniformity, nucleic 
acid preparation, PCR amplification, hybridization, image collection and data analysis 
(Bodrossy 2003). Microarray hybridisation may vary both within an individual array and 
between replicate arrays. It is important that such variation is identified before performing 
hybridisation experiments in which the reproducibility of the system is a primary 
assumption. 
 
6.2.2 Method 
 
The reproducibility of hybridisation signal of both target and non-target probe duplexes 
were assessed between duplicate features on individual arrays as well as between replicate 
arrays. The reproducibility of array hybridisation was determined using data generated with 
50 ng P. cinnamomi DNA described in Section 5.2.4. Intra-array variation was assessed by 
plotting the two duplicates of each feature against each other. Likewise, plotting 
hybridisation intensity data from three replicate arrays against one another assessed inter-
array variation. In both cases, significant deviation from a linear relationship would imply 
an underlying systematic error in hybridization signal analysis (Dai et al. 2002). 
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6.2.3 Results 
 
Reproducibility between duplicate features on the arrays was found to be very high with a 
close relationship observed for hybridisation signals above 60 a.u. (R
2 = 0.969; Figure 6.1).  
Hybridisation signals below this level were composed of non-specific hybridisation with 
non-target probes and therefore this variation had little bearing on the differentiation of 
specific hybridisation results. 
 
Hybridisation intensities of replicate arrays were also shown to be highly reproducible 
(Figure 6.2). Some systematic variability was observed between replicate arrays, however, 
the average deviation from the direct relationship of R
2 =1 was found to be negligible (R
2= 
1 ± 0.128) across all replicates of single species hybridizations (data not shown).   
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6.2.4 Discussion 
 
The PamGene microarray was shown to be highly reproducible both within and between 
replicate arrays. This demonstrated that each stage of microarray manufacture, probe 
printing, labelling and hybridisation were sufficiently stable to pursue diagnostic analysis. 
The ability to produce consistent hybridisation data using a diagnostic system is an 
elementary assumption in any microarray analysis. This comparison has shown that 
hybridisation data of specific and mismatched duplexes differentiated during diagnostic 
microarray applications were reproducible using the experimental conditions subsequently 
applied in the diagnostic microarray studies. 
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6.3  Rate of duplex formation 
 
6.3.1 Introduction 
 
Several studies have shown that the time taken for specific duplexes to reach equilibrium is 
greater than that for non-specific hybridizations (Dai et al. 2002; Dorris et al. 2003; Fotin et 
al. 1998). As the flow through substrate of the PamGene system results in greatly reduced 
hybridization times, the association rates of specific and non-specific hybridisations were 
compared.  
 
6.3.2 Methods 
 
Since the study used genuine targets and not systematically designed oligonucleotide-target 
preparations, duplexes were divided into three main groups; perfect matches, 1-3 nucleotide 
mismatches and greater than 3 nucleotide mismatches. Analysis was based on the average 
data across these groups for hybridizations with P. cinnamomi as described in Section 5.2.4 
with the exception that initial hybridisation was carried out for 150 minutes with the 
hybridisation monitored every 5 minutes. 
 
6.3.3 Results 
 
Hybridisation of fluorescently labelled P. cinnamomi amplicons with immobilised 
oligonucleotide probes in 5xSSPE (Figure 6.3) and 1xSSPE (Figure 6.4) hybridisation 
buffers was monitored quantitatively in real time for 2 hours. Intensity versus hybridisation 
time curves for perfectly matched, 1-3 nt mismatch and greater than three mismatched 
duplexes differed in the time taken to reach equilibrium in each hybridisation buffer (Figure  
  137
6.3 and Figure 6.4). Intensity gain over time appeared to be specific for hybridisation in 
1xSSPE with specific duplex formation taking longer to reach equilibrium than non-
specific duplexes. Hybridisation rates of perfectly matched duplexes continued to increase 
at 0.1 units per minute at the completion of the experiment. In contrast, the rate of increase 
in hybridisation intensity for duplexes with 1-3 nt mismatches was 0.01 units per minute 
(Figure 6.4). 
 
Hybridisation in 5xSSPE did not differentiate between perfectly and mismatched duplexes 
based on the rate of increase in hybridisation intensity (Figure 6.3). All probe duplexes 
initially produced rapid increases in hybridisation intensities. Specific duplexes and those 
with 1-3 nt mismatches both reached hybridisation equilibrium after 30 minutes with an 
insignificant increase in hybridisation intensity thereafter. Mismatched duplexes with 
greater than 3 nt mismatches did not produce a significant increase in hybridisation 
intensity beyond 25 minutes.   
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6.3.4 Discussion 
 
While this investigation has concurred with previous observations of specific and non-
specific duplex formation the time taken to reach equilibrium is subject to variation 
depending on the hybridisation capacity of each probe-target interaction. To practically 
apply these findings to differentiate specific probe duplexes for species detection, further 
investigation would need to be carried out with varying concentrations and mixtures of 
target DNA. This was not done as part of the broader project as it was found that melting 
kinetics differentiated specific hybridisation more specifically than the rate of duplex 
formation. 
 
This experiment has shown that the association kinetics of specific binding differed from 
those of non-specific binding, but that this was dependent on the stringency of the buffer in 
which hybridisation was carried out in. Specific binding takes longer to reach equilibrium 
than non-specific binding in 1xSSPE, but did not significantly differed in 5xSSPE. These 
observations concurred with those of Dai et al. (Dai et al. 2002) who showed that such 
differences in hybridisation kinetics may be used to differentiate between specific and non-
specific duplex formation. 
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The selection of hybridisation buffer was shown to have a significant influence on the 
hybridisation kinetics of probe-target duplex formation. This needs to be appreciated when 
developing a diagnostic assay dependent on duplex association and disassociation kinetics. 
It is critical that the assay is carried out in conditions which enable duplex kinetics to be 
differentiated. This requires adequately high stringency to ensure specific hybridisation is 
favoured over non-specific hybridisation. 
 
Following 120 minute hybridisation, greater differentiation was achieved between target 
and mismatched duplexes in conditions of high hybridisation stringency with the use of 
1xSSPE. Hybridisation in 1xSSPE restricted the amount of non-specific hybridisation, with 
no restriction in the hybridisation intensity of specific binding.  The use of more stringent 
buffers and longer hybridisation times are therefore likely to increase the detection of 
specific duplexes.  
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6.4  Target amplification strategy for microarray analysis  
 
6.4.1 Introduction 
 
In many detection applications the target species represents only a small proportion of the 
total DNA extract and efficient PCR amplification is critical to achieve sufficient sensitivity 
in detection (Bodrossy 2003). This could have practical and analytical implications for 
microarray detection from environmental samples in generating adequate target DNA for 
microarray analysis. The rate of duplex formation of single stranded target DNA has been 
previously demonstrated to be higher than that of double stranded DNA (Guo et al. 1994). 
However, washing the microarray following preliminary hybridisation on the PamGene 
system removes non-target secondary strand prior to melting curve analysis. Consequently, 
the non-target strand is not likely to affect melting kinetics on the PamGene microarray 
system as previously observed (Guo et al. 1994). This experiment investigated the 
influence of target amplification strategy on the kinetic analysis used for microarray 
analysis. 
 
6.4.2 Methods  
 
50 ng of single stranded and 100 ng of double stranded P. cinnamomi amplicons were 
hybridized to the array in 1xSSPE as described in Section 5.2.4. Prior to application on the 
array, both samples were heated to 95 
oC for 5 minutes and then placed directly into an ice 
bath to minimize hydrogen bonding between complimentary DNA strands. Analysis 
compared perfectly matched duplexes with those of 1-3 nt and greater than 3 nt 
mismatches. 
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6.4.3 Results 
 
Single stranded DNA had consistently higher initial hybridization intensities for both 
perfectly matched and mismatched duplexes as shown by hybridization intensity values for 
each duplex category at 40 
oC (Figure 6.5).  Following the removal of unbound target 
DNA, melting kinetics of the double stranded sample closely resembled that of the single 
stranded sample in each case implying no further interference by the secondary DNA 
strand.  
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6.4.4 Discussion 
 
This investigation has shown that the application of double stranded DNA in microarray 
analysis is associated with lower levels of duplex formation. This is most likely due to 
competition with annealing to the complimentary DNA strand (Guo et al. 1994). Removal 
of unbound target DNA prior to melting curve analysis meant the native strand was not 
present during this stage of analysis. Consequently, the melting curves associated with each 
probe target duplex were independent of such interference. It is therefore not surprising that 
the hybridisation capacity of the double stranded target closely resembled those of the 
single stranded target sample. 
 
This investigation has practical implications in the development of these methods for 
detection of Phytophthora species from environmental samples as amplification of target 
DNA is critical in generating a detectable hybridisation signal. Therefore, decreased initial 
hybridisation is likely to be outweighed by the improved amplification of target DNA. The 
exponential generation of target amplicon by double stranded PCR is far more efficient 
than the linear production of single stranded DNA (Guo et al. 1994). This study has shown 
that while the hybridisation of double stranded target DNA is associated with reduced 
hybridisation signals, the kinetic nature of the probe-target duplex is largely unaffected. 
From this it is concluded that double stranded products could be effectively applied in PCR 
coupled diagnostic microarray studies.  
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6.5  Purification of target DNA 
6.5.1 Introduction 
 
As a practical consideration, unincorporated labelled primer has the potential of 
significantly increasing the background signal during microarray hybridization and 
impeding the analysis of hybridization signals (Edwards 2002). However, kinetic analysis 
using the PamGene microarray system enables the unbound target sample and excess 
primer to be removed following initial hybridization. This investigation assesses whether 
the use of PCR cleanup procedures significantly affect hybridization intensity and kinetic 
data interpretation.  
 
6.5.2 Methods 
 
Single stranded target DNA was prepared as described in Section 5.2.3. 25 μl of the PCR 
product was purified using a PCR Cleanup kit (Quiagen). 50 ng of the purified and 
unpurified single stranded P. cinnamomi amplicon were hybridized to separate arrays in 
1xSSPE as described in Section 5.2.4.  
 
6.5.3 Results 
 
The removal of unincorporated fluorescent-labelled primer was observed to increase the 
hybridisation signal of all probes indicating a decrease in the background signal across the 
array. However, this was not found to be significant for perfectly matched or mismatched 
probe duplexes (Figure 6.6).   
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6.5.4 Discussion 
 
The widespread adoption of microarray technology in routine detection applications 
requires that the processing of samples is as cost effective as possible. Removal of 
unincorporated label prior to application of target DNA to the microarray was found to 
marginally increase hybridisation signals of all probe-target duplexes across the microarray. 
However, this was not found to significantly affect the hybridisation signature of each 
duplex. Therefore, the application of crude PCR products does not significantly impair 
hybridisation analysis.  
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6.6  Use of Spacer Molecules  
 
6.6.1 Introduction 
 
Numerous studies have reported that the hybridisation behaviour of surface bound 
oligonucleotides differs significantly from that of those in solution (Schepinov et al. 1997). 
This leads to wide variation in the signals obtained from apparently similar DNA probe-
target hybrids. This is largely attributed to steric interference at the array surface limiting 
the binding of the target DNA strand to the bound probe (Dorris et al. 2003). The 
hybridisation capacity of surface bound probes often differs from predictions based on 
solution phase chemical models of probe-target hybridisation (Peterson et al. 2001).  
 
The use of molecular spacers on the surface end of microarray probes has been previously 
shown to alleviate the steric inhibition of surface bound probes (Schepinov et al. 1997). 
Spacers enable the target DNA to more readily access each probe. However, they have 
primarily been used in two dimensional array systems in which the hybridisation rate is 
primarily influenced by the diffusion of the target sample across the array surface. Dorris et 
al. (2003) found this steric inhibition is reduced using spacer molecules on three 
dimensional surfaces. However, they noted that the length of linker molecules and surface 
effects still needed to be considered when designing microarray assays (Dorris et al. 2003). 
 
The current study investigates the use of a DNA spacer molecule on the surface and 
solution end of probe molecules on the PamGene microarray. The affect on hybridisation 
intensity and melting kinetics are investigated. 
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6.6.2 Methods 
 
A 15nt spacer molecule (CAGGCCAAGTAACTT) was attached to the fixed or solution 
end of a sub-selection of probes (Figure 6.7). These spacers were initially intended to be 
used as an internal control for the uniformity of probe printing. However, it was found that 
the hybridization of these sequences with the Cy5 labelled oligonucleotide quickly became 
saturated and consequently gave no indication of probe density variation (data not shown). 
Despite this, the hybridization of the Phytophthora specific probes attached to either end of 
these tags were analysed to determine the effect these additional sequences had on the 
hybridization of target and non-target sequences. Due to the reduced number of probes 
analysed with spacer sequences, analysis was carried out for specific and non-specific 
hybridizations with each of the eight species of Phytophthora rather than P. cinnamomi 
alone. Probe target interactions were divided into three categories; perfectly matched, 1-3 nt 
mismatches and greater than 3 nt mismatches to unify analysis. 
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Figure 6.7: Incorporation of spacer sequences at the fixed and free end of probes attached to the 
microarray surface. The 5’ end of each probe was bound to the binding chemistry at the array surface. 
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6.6.3 Results 
 
Attachment of spacer sequences to the fixed and free end of the probe had significant 
effects on the hybridization intensities and subsequent melting kinetics for perfectly 
matched and mismatched duplexes. Incorporation of the spacer sequence to the fixed end of 
the probe was associated with increased duplex formation for all probe duplexes compared 
to those probes without spacers (Figure 6.8). Conversely, the presence of the spacer at the 
3’ end of the probe was associated with decreased duplex formation when compared to 
probes with no spacer sequence. 
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6.6.4 Discussion 
 
This investigation has shown that the use of spacer molecules has a notable effect on the 
hybridisation of target DNA to surface bound probes on the PamGene microarray. Spacer 
molecules have been previously shown to significantly increase the hybridisation capacity 
of surface bound oligonucleotide probes (Schepinov et al. 1997). As this has also been 
observed in the present study, the use of molecular spacers may be considered when 
developing a diagnostic system on the PamGene system. Although flow through microarray 
systems offer improved hybridisation kinetics (Wu et al. 2004), they are not necessarily 
immune to steric interference of the array surface. The current study has indicated that the 
use of a 15 nt DNA spacer molecule at the fixed end of the probe sequence is associated 
with increased hybridisation yield. These spacers may therefore be applied to improve the 
detection sensitivity of diagnostic array systems.  
 
Previous studies have shown that the more an immobilised probe is spatially removed from 
the array surface, the closer it is to a solution state (Schepinov et al. 1997). While 
previously demonstrated on two dimensional array systems, this study indicates this also 
applies to flow-through microarray systems. Solution phase hybridisation characteristics in 
diagnostic microarray applications will improve the a priori assessment of probe-target 
interactions based on current DNA hybridisation models and genetic sequence databases. 
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An alternate approach in minimising the influence of steric interference at the array surface 
is to fragment the target DNA. This has been previously shown to improve hybridization 
efficiencies during microarray analysis by reduced secondary structure of the target 
molecules and increasing the mobility of the target DNA (Cho and Tiedje 2001). In the 
present study, the incorporation of the fluorescene molecule to the 5’ end of the target DNA 
during amplification, meant fragmentation was not possible with the current experimental 
design. However, it was decided that linearity between the hybridization signal and the 
proportion of bound duplexes was critical in assessing hybridization kinetics and so 
alternate labelling strategies were not investigated. Use of an alternate labelling strategy 
along with fragmentation of the target DNA could be considered in future studies. 
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6.7  Probe design strategies  
 
6.7.1 Introduction 
 
Two core strategies are often adopted when designing probes for microarray detection 
(Bodrossy 2003). Probes can be designed to have uniform length with the thermodynamics 
stabilized using specific hybridization buffers. Alternately, probes sets may be designed to 
have relatively uniform melting temperatures according to available DNA hybridization 
models. As the hybridisation behaviour of fixed probes has been observed to be contrary to 
those in solution, a thermodynamic criterion for probe design is not necessarily sufficient 
for identifying ideal probes (Bodrossy et al. 2003). The real time analysis and temperature 
control of the PamGene microarray system enable the thermodynamics of each probe-target 
duplex to be assessed under conditions of increased stringency. This raises the question of 
which design strategy is most suitable for detection analysis with this microarray system. 
Therefore, this study compares probes with relatively uniform predicted Tm values and 
those of uniform sequence length. 
 
6.7.2 Methods 
 
Two probe design strategies were investigated by designing a secondary set of 20 nt probes 
around the initial set of probes designed using the predicted thermodynamics of each 
sequence (Table 6.1). In adjusting probe lengths, every effort was made to minimize the 
change in the stability or species differentiation of each probe given the available sequence 
variation. Analysis was carried out on each of the eight species of Phytophthora studied 
throughout microarray analysis.  
  157
 
Table 6.1: Comparison of probes originally designed according to thermodynamic uniformity along 
with the 20 nt variant of each probe. Sequence variations between each pair of probes are indicated in 
red text. Full details of each probe are presented in Table 5.2. 
Thermodynamic Design  20 nt Probe Design 
Probe Sequence  Tm  Probe  Sequence  Tm 
CAC2  GACGAAAGTCCTTGCTTTTAAC 72 
oC CAC2B  CGAAAGTCCTTGCTTTTAAC 69 
oC 
CIN3  CAATTAGTTGGGGGCCTGCTCT 80 
oC CIN3B  ATTAGTTGGGGGCCTGCTCT 79 
oC 
CIN5  CCTCTCTTTTAAACCCATTCTGT 73 
oC CIN5B  TCTCTTTTAAACCCATTCTG  68 
oC 
CRY4 GGCTAGTAGCGTATTTTTAAACC 71 
oC CRY1B  GGGCTAGTAGCGTATTTTTA 71 
oC 
ERY1 CGGTTTTCGGCTGGCTGGG  82 
oC ERY1B  CGGTTTTCGGCTGGCTGGGT 83 
oC 
INF4 TCTTACTTGGCGGCGGCTGCT 85 
oC INF4B  GTCTTACTTGGCGGCGGCTG 81 
oC 
INF6 CCCTATCAAAAGGCGAGCGTTT 78 
oC INF3  CCCTATCAAAAGGCGAGCGT  78 
oC 
PHYT1 GCTTTTAACTAGATAGCAACTTTC 70 
oC PHYT1B GCTTTTAACTAGATAGCAAC 66 
oC 
RAM2  GAGCGCTTGAGCCTTCGGG 81 
oC RAM3  GCGCTTGAGCCTTCGGGTCT 82 
oC 
STD DEV  5.4   STD  DEV  6.8 
 
6.7.3 Results 
 
The melting kinetics of probes designed according to thermodynamic criteria was more 
uniform than those of uniform length (Figure 6.9 and Figure 6.10). However, the 
hybridisation intensity associated with each probe varied significantly (p ≤ 0.05) 
irrespective of the design strategy. The hybridisation signature of each probe most closely 
resembled its 20 nt variant with the main variation being a phase shift in the melting profile 
representing the change in hybridisation stability. However, the slight alterations to unify 
the length of each probe had little effect on the optimal hybridisation intensity of each 
probe. For example, reducing the CAC2 sequence by two nucleotides to produce CAC2B 
changed the melting profile of the probe target duplex from between 60 and 70 
oC for 
CAC2 to between 55 and 65 
oC for CAC2B. However, the optimal hybridisation intensity 
for both probes was not significantly different (Figure 6.9 and Figure 6.10).  
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Figure 6.9: Melting curves of probes with similar Tm targeting six species of Phytophthora 
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Figure 6.10: Melting curves of 20 nucleotide probe variants of probes displayed in Figure 6.9. 
CAC2B / P. cactrorum (             ), CIN3B / P. cinnamomi (            ), CIN5B / P. cinnamomi  (           ), 
CRY1B / P. cryptogea/ P. erythroseptica  (           ), ERY1B / P. cryptogea/ P. erythroseptica  (           ), 
INF4B / P. infestans  (           ), INF5 / P. infestans  (           ), PHYT1B/ All Phytophthora  (           ) and 
RAM3 / P. ramorum (           ). SED = 14.83. 
CAC2 / P. cactrorum (             ), CIN3 / P. cinnamomi (            ), CIN5 / P. cinnamomi  (           ), 
CRY4 / P. cryptogea/ P. erythroseptica  (           ), ERY1 / P. cryptogea/ P. erythroseptica  (           ), 
INF4 / P. infestans  (           ), INF6 / P. infestans  (           ), PHYT1/ All Phytophthora  (           ) and 
RAM2 / P. ramorum (           ). SED = 16.23.  
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6.7.4 Discussion 
 
Numerous studies have shown that the hybridisation intensity associated with immobilised 
probes does not necessarily reflect the intended uniformity of probe behaviour determined 
in designing the array (Chudin et al. 2001). Despite the intention to design sets of probes 
which have uniform hybridisation characteristics, the behaviour of each probe is inherently 
variable depending on its specific sequence, location within the target DNA strand and 
secondary structures associated with the probe and target sequences (Bodrossy et al. 2003). 
This was shown to be the case in this study in which the hybridisation intensity of each 
probe was seemingly independent of the thermostability of the probe-target duplex. The use 
of theoretical melting temperatures as a design criterion did however become more 
apparent when the temperature was increased as those probes designed to have uniform 
thermostability were observed to disassociate between 60 and 75 
oC. In contrast, the probes 
of uniform length showed greater variability, disassociating between 50 and 75 
oC.  
 
While this investigation has not necessarily produced a clarified criterion for designing 
diagnostic probes for microarray analysis, it has shown that the hybridisation capacity of 
each probe is dictated by factors additional to the thermodynamic nature of short probe 
s e q u e n c e  w i t h  t h e  l o n g e r  t a r g e t  D N A .  E i t h e r  d e s i g n  s t r a t e g y  m a y  b e  a p p l i e d  w h e n  
analysing samples by kinetic analysis, as each probe-duplex is assessed independently to 
the other probes on the same array.  
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6.8  Analysis of mixed target DNA 
 
6.8.1 Introduction 
 
Analysis of multiplex targets by microarray analysis has been previously demonstrated to 
be limited by cross hybridisation with non-target DNA (Anthony et al. 2000). This is 
especially the case at lower temperatures where a significant proportion of the hybridisation 
signal may be attributed to no target DNA (Call 2005). Some melting curves of probe 
duplexes indicate an interaction of non-target hybridisation in preliminary multiplex 
analysis. 
 
 
 
6.8.2 Observation 
 
While hybridization kinetics of single target hybridisation displayed smooth melting 
curves, hybridization with two and three target species were observed to display interaction 
of non-target hybridization (Figure 6.11). The smooth melting kinetic curves of single 
species targets were slightly distorted with inflated hybridisation intensities at lower 
temperatures believed to be the result of non-specific hybridisation. This was only observed 
for probe-target duplexes, which displayed cross reactivity in single species analysis (Table 
5.3a). These probes included CIN5 and NIC4B, which displayed significant cross 
hybridisation with P. nicotianae and P. cinnamomi,  respectively. Hybridisation of the 
probes with a mixture of P. cinnamomi and P. nicotianae mixture showed a plateau in the 
hybridisation signal at 50 
oC (Figure 6.11). It is hypothesised that this is due to significant 
additive effects of non-specific hybridisation up to this temperature. In contrast, probes  
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such as NIC1 and NIC1B, which did not display significant hybridisation with 
P. cinnamomi in single species analysis (Table 5.3a), did not show evidence of interference 
by non-target duplex stability (Figure 6.11). 
 
 
6.8.3 Discussion 
 
Although not investigated in full as part of this study, the interaction of target and non-
target hybridisation observed using mixed target samples demonstrated that the 
complexities of DNA hybridisation on microarray platforms increased considerably when 
multiple targets were applied. While cross reactivity had been noted to contribute to the 
hybridisation signal associated with individual probes, there were limited scope for 
developing internal control measures for diagnostic arrays (Bodrossy 2003). Attempts have 
been made to incorporate mismatch controls into diagnostic microarrays, however these 
have been shown to be ineffective in accounting for non-specific hybridisation (Lee et al. 
2004). Furthermore, such internal probes occupy considerable numbers of features on 
diagnostic arrays and add considerably to the cost of production (Lee et al. 2004). By 
identifying abnormalities in the melting kinetics of probe-target duplexes, elevated 
preliminary hybridisation intensities may be corrected for to further improve multiplex 
analysis. While this was not critically analysed in this study, further analysis and modelling 
of different mixtures of target species with comparison to the hybridisation of individual 
species will help to further refine kinetic analysis of mixed samples.  
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6.9  Influence of secondary structure on the hybridisation capacity of 
immobilised probes 
 
6.9.1 Introduction 
 
The design of probe sequences is often limited to the sequence of the probe itself and the 
relative positioning of polymorphic variation. This often leads to the selection of probes 
that display a wide variation in signal strength and the selection of some probes, which 
produce poor signals. For duplex formation to occur, the associated probe and target 
sequences must be sterically accessible (Mir and Southern 1999). This is primarily dictated 
by the secondary folding of the probe and target sequences (Guo et al. 1994; Mir and 
Southern 1999). Guo et al (1994) noted that single stranded targets were not unaffected by 
competitive hybridisation as increased flexibility leads to increased secondary binding 
within the target molecule. If the thermodynamic stability of these structures is greater than 
that of the perfectly matched duplex with the immobilized probe, the target sequence may 
not be available for hybridization (Guo et al. 1994).  The presence of stable stem loop 
structures and limited physical access associated with stable secondary hybridisation limit 
the accessibility and hybridisation efficiency of target sequences with their intended probe 
(Anthony et al. 2003). While this has been demonstrated in empirical studies, limited 
analysis has been carried out on the behaviour of genuine diagnostic sequences in applied 
detection assays. This investigation assesses the hybridisation capacity of specific and cross 
reactive probes in relation to the secondary thermodynamics of each target sequence. 
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6.9.2 Methods 
 
The thermodynamics of single stranded folding of the ITS amplicons of P. cactorum, 
P. cinnamomi, P. cryptogea, P. infestans, P. nicotianae and P. ramorum were determined 
using the M-fold server (Version 3.1, Rensselaer Polytechnic Institute; 
http://www.bioinfo.rpi.edu). The target region of each probe was identified and the 
thermodynamics of associated secondary structures assessed in relation to the hybridisation 
capacity of each probe. Secondary folding structures were predicted using standard model 
variables of 37 
oC, 1 M NaCl and strand concentration of 10 µM. All folding structures 
were determined for single stranded DNA in solution, as no such algorithms are currently 
available for fixed oligonucleotides. 
 
6.9.3 Results  
 
Analysis of the secondary structures of both probe and target sequences indicated that the 
stability and conformation of complimentary DNA sequences have a considerable effect on 
the hybridisation capacity of probe duplexes. Each probe-target duplex was assessed 
individually as the stability and secondary structure of targeted regions varied. The average 
free energy associated with the target of each probe was determined using the free energy 
increments of the most stable predicted secondary structures of each sequence. The 
secondary folding structure of probe sequences varied with several found to be 
comparatively stable (Figure 6.12). These included CAC2, CIN4, CRY6, INF4 and NIC4, 
each of which had low duplex formation at 40 
oC (Table 6.2).  
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Table 6.2: Comparison of free energy directly associated with the DNA sequence targeted by each 
probe and the probe sequence, the Tm of each perfectly matched oligonucleotide as predicted by the M-
fold algorithm, and probe sequences with the hybridisation intensities of each probe at 40 
oC. Probe 
and target sequences associated with highly stable secondary folding are indicated by shading. 
Probe Probe  Free  Energy 
kcal/mole 
Target Free Energy 
kcal/mole 
Tm 
oC 
(M-fold) 
Hybridisation Intensity 
at 40 
oC (au) 
CAC2  -1.6  -4.9 ( ± 0.0)  71.9  116.2 
CAC5  0.3  -2.4 ( ± 0.4)  70.4  130.2 
CIN2 0.7  -8.0 ( ± 5.1)  77.4  95.3 
CIN3 0.5  -5.5 (± 1.1)  79.7  91.5 
CIN4  -1.0  -8.0 ( ± 2.8)  86.6  83.6 
CIN5  0.9  -0.4 ( ± 1.9)  72.6  128.9 
CRY1  -0.9  -2.0 ( ± 4.0)  70.7  104.7 
CRY4  -0.9  -2.1 ( ± 4.3)  71.4  134.9 
CRY6  -2.3  -7.0 ( ± 4.4)  87.4  79.0 
ERY1  0.2  -0.5 ( ± 2.4)  81.6  130.0 
INF2  0.9  -3.1 ( ± 3.6)  80.7  113.3 
INF3  -0.9  -1.8 ( ± 1.0)  77.5  104.1 
INF4  -1.2  -0.2 ( ± 3.6)  84.8  101.8 
INF5  0.9  -3.3 ( ± 3.7)  82.9  112.6 
INF6  -0.9  -1.8 ( ± 1.0)  77.9  95.8 
NIC1 0.3  -5.6 ( ± 0.0)  72.6  125.8 
NIC3B  0.5  0.4 ( ± 0.0)  71.5  122.1 
NIC4  -1.2  0.4 ( ± 4.6)  82.8  105.6 
RAM2  -0.4  -4.7 ( ± 2.8)  80.9  101.5 
RAM3  -0.2  -3.3 ( ± 2.4)  82.4  87.0 
PHYT1  -0.2  -4.8 ( ± 0.2)  69.6  134.1 
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Figure 6.12: Secondary folding of CIN4, CAC2, CRY6, INF4 and NIC4 probe sequences with the 
associated free energy as predicted using M-fold Server 3.1 for single stranded DNA in solution. 
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Like individual probe structures, folding of the target sequence in regions targeted by 
species specific probes region varied considerably. Those of particularly high stability 
included CIN2, CIN3, CIN4, CRY6 and NIC1 with the formation of stable structures 
resulting in free energy values less than -5.5 kcal/mole (Table 6.2). With the exception of 
NIC1, these duplexes had low hybridisation intensities at 40 
oC indicating lower levels of 
duplex formation (Table 6.2). 
 
Comparison of both probe and target stabilities indicates the stability of both structures play 
a role in the hybridisation capacity of probe hybridisation. Those probe-target duplexes 
with stable secondary structures in both DNA strands had lower duplex formation than 
those with minimal secondary stability. For example, the target sequence of CIN4 and 
CRY6 had high secondary stabilities of -8.0 and -7.0 kcal/mole and probe stabilities of -1.0 
and -2.3 kcal/mole. Both of these probes had particularly low optimal hybridisation 
intensities of 83.6 and 79.0 a.u., respectively. 
 
Competition with internal binding in the probe and target sequences did not explain the 
high hybridisation intensity of some probes associated with moderate to high thermal 
stabilities in the target or probe sequence. One such example, PHYT1 had target and probe 
stabilities of -4.8 and -0.2 kcal/mole, respectively. Despite apparent competition with 
secondary folding in the target strand, PHYT1 exhibited high hybridisation capacity with 
high hybridisation intensities averaging 134.1 a.u. across all target sequences analysed. 
Closer inspection of the secondary folding of target sequences showed that PHYT1 was 
consistently associated with a stable hairpin loop preceded by an 11 nt helix containing a 
single 3 nt bulge loop (Figure 6.13). Furthermore, this hairpin structure was most often 
located at the extremities of all predicted secondary structures (Figure 6.13). Examination  
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of each of the probes targeting P. cinnamomi showed that CIN5 targeted a region 
associated with minimal secondary hybridisation. In contrast the regions targeted by CIN2 
and CIN4 were located in the centre of the target sequence and formed stable secondary 
structures (Figure 6.13). The target region of CIN3 formed a series of short hairpin loops, 
offering minimal access to the target sequence. The conformation of secondary binding 
associated with the later three probes is likely to have further contributed to steric inhibition 
of probe-target duplex formation. 
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Probes targeting the open sequences of stable hairpin loops were observed to have high 
hybridisation capacity of probes. However, the specific location of the target in relation 
to the hairpin also seemed to play a role in duplex formation. This was observed most 
prominently by comparison of CAC2 and PHYT1 probes which target adjacent sides of 
the same hairpin structure (Figure 6.14). Although the calculated Tm of the CAC2 
probe is greater than that of PHYT1, the later was shown to have significantly higher 
duplex formation of 134.1 a.u. compared to 116.2 a.u. for CAC2 (Table 6.2). Targeting 
the same hairpin structure, both probes have similar thermodynamic stabilities and 
sequences, which are readily accessible to the probe (Figure 6.14). However, as the 5’ 
end of the probe sequence is bound to the microarray surface the free 3’ end is available 
to access the 5’ end of the target sequence of the PHYT1 target (Figure 6.15). In 
contrast the 3’ end of the CAC2 probe is readily available to bind to the 5’ end of its 
target region, but steric interference of the microarray surface and the remaining target 
sequence limit hybridisation (Figure 6.15).  
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Figure 6.14; Comparison of target sequences of (a) PHYT1 and (b) CAC2 probes on the same 
hairpin loop of P. cinnamomi DNA. The 3’ end of sequence targeting the PHYT1 probe is 
predominantly located on the hairpin loop while the 5’ end of the sequence targeting CAC2 is 
exposed on the same loop structure. 
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Figure 6.15: Contrast between duplex formation with (a) PHYT1 and (b) CAC2 probes targeting 
opposite strands of the same hairpin structure. The orientation of the target region on the hairpin 
structure affects the steric interference of duplex formation.   
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6.9.4 Discussion 
 
Observations made during this study have shown the secondary structure of probe and 
target DNA is likely to be a key factor in the variation in microarray hybridisation 
signals. Those probes targeting regions of high secondary structure were observed to 
have lower hybridisation activity than probes targeting regions of limited secondary 
interactions. Likewise, probes with stable secondary folding were associated with lower 
hybridisation signals than those with limited folding. While this study did not 
investigate these factors empirically, the findings of this study are consistent with other 
investigations into the influence of secondary stability on probe-duplex formation 
(Anthony et al. 2003; Chandler et al. 2003; Mei et al. 2003; Mir and Southern 1999; 
Sohail et al. 1999).  
 
Wide variation has been observed in signals obtained between apparently similar DNA 
probe-target hybrids. The secondary structure associated with the probe and target 
sequences has been demonstrated to  account for a considerable portion of this 
variability (Anthony et al. 2003). For example, Anthony et al. (2003) found that probes 
with stable internal folding were between 100 and 1000 times less sensitive than probes 
with minimal secondary structure. However, the infinite number of interactions 
affecting probe-target duplex formation makes it difficult to demonstrate these 
interactions definitively. Mei et al. (2003) demonstrated that the free energy of probe-
target interactions depend not only on the Watson-Crick base pair interaction, but also 
on the contribution of neighbouring bases on hybridisation stability. Furthermore, DNA 
hybridisation is further complicated by the relative stability of certain nucleotide 
combinations such as G-G, G-T and G-A which do not confirm to these conventional 
interactions (Sugimoto et al. 2000).   
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Chandler (2003) noted that probes targeting regions on accessible hairpins are 
associated with high hybridisation capacity. In the present study it was observed that the 
orientation of the target sequence in relation may also be a significant factor in probe-
duplex formation. Hairpin loops and particularly those at the end of long stable helices 
are more readily accessible for duplex formation. When the probe and target interact, 
target regions in which the 3’ end of the sequence is positioned on the open loop is 
likely to more readily hybridise to the fixed (5’) end of the probe. The free end of the 
probe is then able to hybridise with the 5’ end of the target sequence. This configuration 
results in minimal steric interference by the target sequence during hybridisation. In 
contrast, duplex formation with a target sequence in which the 5’ end of the target is on 
a hairpin loop results in hybridisation of the free (3’) end of the probe sequence while 
the fixed 5’ end of the probe is spatially separated from its target. While this was by no 
means proven in this study, the model presented potentially explains the differential in 
hybridisation signal by the CAC2 and PHYT1 probes. These observations are supported 
by the observations of Mir and Southern (Mir and Southern 1999), who observed that 
the orientation of target sequences associated with loop structure influenced the 
nucleation. They suggested this could be overcome by reversing the orientation of the 
probe by fixing the 3’ rather than the 5’ end of the probe to the array.  This strategy may 
be employed to optimise the hybridisation capacity of each probe based on the 
orientation of the probe sequence in relation to the secondary structure of the target 
sequence. Further investigation needs to be carried out to determine whether probe 
design may be optimised by targeting sequences on the 5’ side of hairpin loop 
structures. 
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This series of investigations would suggest that secondary hybridisation and target 
accessibility play significant roles in hybridisation capacity. The influence of secondary 
folding may be limited by fragmenting the target sequence to increase target 
accessibility and minimise internal secondary folding (Yershov et al. 1996). An 
alternate strategy may be to use analogous probe chemistries such as peptide nucleic 
acid probes which have higher thermal stability when hybridised with DNA than the 
corresponding DNA-DNA duplex (Chandler et al. 2000). Further investigation needs to 
be carried out to clarify the impact of secondary folding on hybridisation capacity of 
probe-target duplex formation. The observations described here go some of the way to 
explaining why the signal obtained between apparently similar DNA probes varies 
considerably. While this limitation was overcome using kinetic analysis on the current 
array, consideration of secondary folding in probe and target sequences may help to 
design probes which optimise detection sensitivity of microarray detection.  
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6.10   Probe-target duplex general discussion 
 
Improved modelling of probe-target duplexes could be utilised to predict the behaviour 
of each probe with various target and non-target sequences prior to running microarray 
experiments. Many factors were found to influence the formation of probe-target 
duplexes and may influence the hybridisation capacity of each specific duplex. This 
study has demonstrated that probe design could be further improved by taking into 
account the accessibility and thermodynamic stability of each probe and target 
sequences. Although analysis of microarray data is currently a laborious task, increased 
understanding of microarray hybridization kinetics, detection ratios, and probe design 
are critical in the development of suitable design, processing and analysis packages 
which will bring the accessibility of microarray detection to a range of detection 
applications including plant pathology.  
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Chapter 7 
 
General Discussion  
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7.1  Overview of major outcomes 
 
This project has addressed several of the key aspects limiting the application of DNA 
based methods to routine detection of P. cinnamomi from soil; (1) Overcoming PCR 
inhibition (2) validating diagnostic assays and (3) screening multiple samples in 
individual diagnostic assays. The key findings produced from this research were: 
 
•  The sensitivity of PCR amplification of P. cinnamomi DNA in the presence of 
co-extracted inhibitors from soil was significantly improved with the addition of 
BSA. Furthermore, the specificity of diagnostic PCR was improved by adding 
formamide in the PCR cocktail. 
•  Combination of both BSA and formamide concurrently in PCR resulted in a 
synergistic improvement in both the sensitivity and specificity of amplification 
in the presence of soil extract inhibitors. 
•  Primary PCR failed to produce detectable quantities of P. cinnamomi specific 
PCR product to enable detection, necessitating the use of nested PCR to produce 
sufficient target DNA from each of the soil samples. 
•  Nested PCR targeting the ribosomal DNA region of the P. cinnamomi genome 
was found to be considerably more sensitive than detection by baiting in each of 
the soils analysed. 
•  In several cases, PCR diagnostics identified P. cinnamomi within soil samples 
where baiting had failed isolate the pathogen. 
•  Nested PCR did not produce a positive amplification product for any of the 
‘negative’ soil samples and artificial potting mixtures analysed. 
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•  Demonstration of a novel concept for differentiating between different species of 
Phytophthora based on the kinetic stability of probe-target duplexes. 
•  Analysis of duplex melting kinetics enabled samples containing individual and 
mixtures of Phytophthora  DNA to be differentiated on the flow through 
PamGene microarray system. 
•  Diagnostic microarray analysis using hybridization signals was limited by 
variable activity of each probe-target duplex. 
•  The hybridization signal associated with each probe-target duplex was 
influenced by many factors, including the secondary structure of both the probe 
and target molecules and the accessibility of the complimentary sequences. 
  
The implications of these findings to the detection of P. cinnamomi and other soil-borne 
pathogens are discussed below, highlighting the practical applications of these findings 
and areas for future research.  
 
7.2  Diagnostic PCR of P. cinnamomi in soil   
7.3.1 Overcoming PCR inhibition 
The current study demonstrated that the inhibitory effect of biological DNA extracts can 
be limited by the appropriate use of PCR additives. Addition of BSA at a final 
concentration of 400 ng/µl was found to increase the sensitivity of PCR amplification of 
P. cinnamomi  DNA up to 1000-fold in the presence of PCR inhibitors co-extracted 
during total DNA extraction of jarrah forest soil samples. Addition of up to 4% 
formamide was found to increase the specificity of P. cinnamomi  PCR, with no 
observed change in the yield of target PCR product. Combining both additives 
improved both the sensitivity and specificity of diagnostic PCR in the presence of 
inhibitors extracted from jarrah forest soil. Furthermore, the tolerance of PCR 
amplification to inhibition by these inhibitors was increased in the presence of both  
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additives. This synergy between BSA and formamide has the practical application of 
improving the reliability of diagnostic PCR by minimising the occurrence of false 
negatives resulting from a lack of diagnostic sensitivity. Furthermore, improved 
specificity with the addition of formamide reduces the incidence of false positives 
caused by amplification of non-specific DNA. Both of these factors are essential in the 
adoption of PCR techniques in routine diagnostics. 
 
The inhibitory effect of extracts from six different soil and potting media samples on 
PCR amplification showed that the extent of PCR inhibition varies considerably 
between extracts. Furthermore, the sensitivity of detection varied between soils with the 
jarrah soil extract imposing the highest impact on PCR amplification. These 
observations may be explained by the fact that different soils, sediments and plant 
materials vary greatly in their chemical and organic composition (Kuske et al. 1998; 
Martin et al. 2004). With the exception of the white sand extract, the inhibitory effect of 
each soil extract was reversed with the addition of 400 ng/µl BSA and 4% formamide, 
indicating that BSA has a broad spectrum of application across different soil 
chemistries. This investigation is likely to have application in broader diagnostic 
applications including blood, faecal, meat and plant samples. PCR amplification from 
each of these has been shown to be enhanced in the presence of BSA (Kreader 1996), 
and specificity may be improved using formamide (Chakrabarti and Schutt 2001).  
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7.3.2 Comparison of detection of P. cinnamomi by nested PCR and 
baiting 
 
This study demonstrated that diagnostic PCR is considerably more sensitive in detecting 
P. cinnamomi  from soil samples than the baiting methods most commonly used at 
present in routine detection assays.  In adopting methods for routine diagnostic assays, it 
is critical that they are sensitive, specific and cost effective (Martin et al. 2000).  The 
considerable increase in the sensitivity and reduction in sample size using nested PCR 
detection considerably improves the viability of applying these techniques to routine 
diagnostic analysis. Furthermore, the potential for adopting automated and high 
throughput DNA extraction and PCR protocols further improves the potential of 
molecular diagnostics in favour of baiting procedures which incur high labour costs and 
require up to 10 days to process. 
 
The population of P. cinnamomi in the soil is highly variable due to the sensitivity of 
the pathogen to prevailing environmental conditions such as water availability and soil 
temperature (Weste and Ruppin, 1975). Throughout periods of optimal growth 
conditions the density of P. cinnamomi increases very rapidly and the pathogen is more 
readily detected, however, during less favourable conditions, it is often difficult to 
detect (Weste and Vithanage, 1978). Zoospore production in P. cinnamomi only occurs 
in the presence of free water in the soil and during warmer temperature conditions. In 
southern Australia this generally occurs during spring and early summer and again in 
autumn (Weste and Vithanage 1977). Detection frequency is generally proportional to 
the number of propagules within the soil and therefore it is less likely to detect 
P. cinnamomi during the middle of winter (Weste and Ruppin 1977). Each of these 
studies has been carried out using baiting assays. It has been previously observed that 
the frequency of detection of P. ramorum by nested PCR varies in response to inoculum  
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levels and prevailing environmental conditions despite the increased sensitivity that 
molecular methods offer. Detection is higher during spring time in which environmental 
conditions are optimal for pathogen growth (Hayden et al. 2004). It follows that it is 
likely that the detection of P. cinnamomi will display the same pattern of detection. As 
the population of the pathogen declines considerably during unfavourable conditions, 
the recovery of the pathogen will also decline. 
 
Following on from this study, further investigation needs to be carried out to determine 
the variation in detection using nested PCR in relation to soil characteristics, 
environmental conditions and inoculum level of P. cinnamomi within soil and fine root 
samples. Very little is understood about the level of P. cinnamomi within soils 
(McCarren et al. 2005). While the results of this study showed that PCR detection was 
more sensitive than classical detection methods, it does not necessarily overcome the 
potential for variation in the detection of the pathogen (Kong et al. 2003). Furthermore, 
the relation between any of the available methods of P. cinnamomi detection, inoculum 
level and disease incidence is not clear.  
 
Although this study has produced high levels of detection using nested PCR, the 
samples analysed were collected from the active disease fronts in the vicinity of plants 
displaying fresh symptoms of dieback associated with P. cinnamomi infection. 
However, the level of detection from cryptic sites, such as rehabilitated mine sites 
which are devoid of vegetation or old dieback sites in which all highly susceptible 
plants have since died, has not been assessed as part of the current study. In such cryptic 
sites, the level of P. cinnamomi inoculum within the soil is likely to decrease due to the 
lack of highly susceptible plant tissues (Davison and Tay 2005). The lack of indicator  
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plant species places increased importance on detection from soil samples at such sites as 
there are no reliable alternative indications of the presence or absence of the pathogen. 
 
By comparing baiting and molecular detection, this study goes some of the way to 
validating the application of diagnostic nested PCR to soil samples infested with 
P. cinnamomi. 
 
7.4 Diagnostic  microarrays 
 
Microarray studies have highlighted several important aspects regarding the use of 
microarray technology to diagnostic applications. Primarily, this study demonstrated 
that while the hybridisation intensities of probe-target duplexes are highly variable, the 
stability of the duplex can be exploited to differentiate between specific and non-
specific hybridisation. One of the key limitations in the applications of diagnostic 
applications of microarray technology has been the inability to design sets of probes that 
display uniform hybridisation intensities, which may be used to differentiate between 
target and non-target hybridisation.  This problem is overcome by analysing duplex 
kinetics rather then hybridisation signal. 
 
Further analysis of the characteristics of different probe-target combinations and factors 
affecting hybridisation demonstrated that those factors affecting the accessibility of the 
probe and target sequences had the greatest effect on the hybridisation signal associated 
with each probe-target duplex. These included the relative position and stability of the 
target region in relation to the secondary folding of the target DNA molecule as well as 
the use of spacer molecules to increase the accessibility of the probe sequence. In 
contrast, the factors associated with the stability of the duplex, such as altering the  
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length of the probe targeting the same region had little effect on the optimal 
hybridisation signal, but it did have a significant influence on the thermal-stability of 
the duplex. However, a considerable amount of investigation needs to be carried out to 
empirically demonstrate these observations which in the current study have been based 
on a series of probes targeting polymorphic regions which differentiate each species of 
Phytophthora and were not designed to experimentally assess these factors. To this 
extent, the kinetic analysis of probe-target interactions could also prove to be a useful 
tool for improving the overall understanding of probe-target interactions in diagnostic 
applications of microarray technology. This will in turn allow improved modelling of 
diagnostic systems, clearer interpretation of diagnostic results, and, improved design 
and a priori assessment of microarrays. Each of which would considerably decrease 
costs of establishing assays for diagnostic applications. 
 
One key limitation in the application of microarray technology to the detection of 
multiple species of Phytophthora from soil samples was highlighted by the need for a 
nested PCR to produce sufficient target DNA from soil extracts. While the current 
microarray study demonstrated that kinetic analysis of duplex formation is more durable 
than hybridisation signal intensity when analysing different quantities of target DNA, 
between 10 and 50 ng of each target was required to produce a sufficient signal for 
kinetic analysis. However, specific PCR detection in both the primary and nested PCR 
reactions demonstrated that such quantities were only produced as a result of nested 
amplification. At this stage, this is a critical limitation in the development and 
application of multiplex diagnostics to detection of soil borne pathogens such as 
P. cinnamomi. 
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7.4.1 Limitations of diagnostic microarray research   
A number of limitations were identified in the current microarray study: 
•  All assessments used aliquots of amplicons of each species of Phytophthora 
which were artificially mixed following separate amplification of each species 
by PCR. This was done to enable assessment of microarray diagnostics without 
inherent variability of DNA extraction and PCR amplification. As such this 
work is presented as a ‘proof of concept’ for the use of melting kinetics as a 
determinant of species differentiation. As such, this research is yet to be applied 
to genuine diagnostic samples such as soil or plant tissues infested with 
numerous species of Phytophthora. 
•  The eight species chosen for this study were selected to demonstrate the concept 
of differentiating between different species of economically important species 
of  Phytophthora. However, the eight species selected here would not 
necessarily be found in the same biological sample. To apply this technology to 
genuine diagnostic application the species targeted would realistically need to 
be extended to include groups of species likely to be detected concurrently. 
•  Assessment of the influence of accessibility and steric interference of the 
respective target-probe sequences was based on a diverse set of probes designed 
to differentiate between each of the eight species of Phytophthora. As such, the 
probes were spread along the length of the sequence with unmeasurable 
variation in the accessibility of each target region. To assess these factors more 
critically, a systematic analysis would need to be made comparing a greater 
number of probe-target combinations. 
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7.4.2 Future research directions 
 
The following points address possible future research directions extending from this 
study. 
•  Expand on the use of kinetic analysis for the multiplex diagnosis of 
Phytophthora  species. More investigation is required to further refine the 
analysis of different mixtures of target DNA and to extend this analysis to 
incorporate multiplex PCR amplification of extracts taken from samples 
inoculated and naturally infested with mixtures of pathogenic species. 
•  Improve the sensitivity and uniformity of multiplex PCR amplification from 
plant and soil samples infested with multiple species of Phytophthora. To 
achieve this, considerable research is required into the amplification of mixed 
targets of DNA from soil and plant extracts using multiplex PCR.  
•  Systematically examine the influence of secondary folding of probe-target 
sequences to optimize duplex formation. 
•  Develop models which predict the hybridization characteristic of probes with 
their intended targets as well as likely cross reacting sequences within multiplex 
samples. 
•  Examine the use of alternate probe chemistries such as peptide nucleic acid 
probes in manufacturing the diagnostic arrays. 
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7.5 Conclusions 
 
This study has shown that DNA detection techniques offer a substantial improvement in 
the sensitivity of P. cinnamomi detection from naturally infested soil samples. The use 
of BSA and formamide was found to improve the both the specificity and sensitivity of 
PCR amplification of P. cinnamomi up to 1000-fold in the presence of co-extracted 
inhibitors from soil.  Improved detection frequencies using these techniques as 
compared to baiting detection will improve the reliability of diagnostic analysis, reduce 
the number of samples required per site and significantly reducing the cost of diagnostic 
analysis. Furthermore, this study demonstrated that the melting kinetics of probe-target 
duplexes may be successfully used to differentiate between DNA targets from different 
species of Phytophthora.   
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Appendix 1 Melting curves of specific and 
non-specific duplexes formed with each 
probe during microarray analysis  
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Figure I: Melting curves of the CAC2 probe hybridised with P. cactorum (▬), P. cinnamomi (▬), 
P. cryptogea (▬), P. erythroseptica (▬), P. infestans (▬), P. nicotianae (▬) and P. ramorum 
(▬) target DNA. Duplex signals measured in real time from 40 to 75
oC. 
 
 
 
 
 
 
 
 
Table I: Probe sequence of P. cactorum targeted by the CAC2 probe compared to that of 
P. cinnamomi, P. cryptogea, P. infestans, P. nicotianae and P. ramorum. The corresponding T60 
values of each probe-target duplex formed with the CAC2 probe are indicated. Nucleotides which 
differ between the target and non-target sequences are indicated (). 
Target T60 Probe  Sequence 
P. cac  63  G A C G A  A  A  G  T C  C  T T G  C  T T T T A  A  C 
P. cin  52  G A C G A  A  A  G  T C  T  C  T G  C  T T T T A  A  C 
P. cry  52  G A C G A  A  A  G  T C  T  C  T G  C  T T T T A  A  C 
P. inf  52  G A C G A  A  A  G  T C  T  C  T G  C  T T T T A  A  C 
P. nic  53  G A C G A  A  A  G  T C  T  C  T G  C  T T T T A  A  C 
P. ram  51  G A C G A  A  A  G  T C  T  C  T G  C  T T T T A  A  C 
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Figure II: Melting curves of the CAC5 probe hybridised with P. cactorum (▬), P. cinnamomi (▬), 
P. cryptogea (▬), P. erythroseptica (▬), P. infestans (▬), P. nicotianae (▬) and P. ramorum 
(▬) target DNA. Duplex signals measured in real time from 40 to 75
oC. 
  
 
 
 
 
 
 
 
 
 
Table II: Probe sequence of P. cactorum targeted by the CAC5 probe compared to that of 
P. cinnamomi, P. cryptogea, P. infestans, P. nicotianae and P. ramorum. The corresponding T60 
values of each probe-target duplex formed with the CAC5 probe are indicated. Nucleotides which 
differ between the target and non-target sequences are indicated (). 
 
Target T60 Probe  Sequence 
P. cac  62  G  T A  G  C  - - - - T  T  T  T  C  T  T  T  T  A  A A C C C A T  T  C 
P. cin  52  G  T A G  C C  - - - - T  C  T  C  T  T  T  T  A  A A C C C A T  T  C 
P. cry  45  G  T A G  C G  - - - - T  A  T  T  T  T  T  T  A  A A C C C A T  T  C 
P. inf  43  G  T A G  C - - T  T  T  T  T  T  A  T  T  T  T  A  A A C C C A T  T  C 
P. nic  53  G  T A G  C T  C  T  T  T  T  T  T  C  T  T  T  T  A  A A C C C A T  T  C 
P.ram  45  G  T A G  C C  - - - - C  A  C  T  T  T  T  T  A  A A C C C A T  T  C  
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Figure III: Melting curves of the CIN2 probe hybridised with P. cactorum (▬), P. cinnamomi 
(▬), P. cryptogea (▬), P. erythroseptica (▬), P. infestans (▬), P. nicotianae (▬) and 
P. ramorum (▬) target DNA. Duplex signals measured in real time from 40 to 75
oC. 
 
 
 
 
 
 
 
 
 
 
Table III: Probe sequence of P. cinnamomi targeted by the CIN2 probe compared to that of 
P. cactorum, P. cryptogea, P. infestans, P. nicotianae and P. ramorum. The corresponding T60 values 
of each probe-target duplex formed with the CIN2 probe are indicated. Nucleotides which differ 
between the target and non-target sequences are indicated (). 
 
Target T60  Probe Sequence 
P. cac  56  C  C T A T C  A  T  - - - - - - G  G  C  G A G C G T  T  T 
P. cin  65  C  C T A T C  A  C  T  - - - - - G  G  C  G A G C G T  T  T 
P. cry  45  C  C T A T C  A  T  - - - - - - G  G  C  G A C C G C  T  T 
P. inf  52  C  C T A T C  A  A  - - - - A  A  G  G  C  G A G C G T  T  T 
P. nic  51  C  C T A T C  A  A  A  A  A  A  A  A  G  G  C  G A A C G T  T  T 
P.ram  47  T  C T A T C  A  T  - - - - - - G  G  C  G A G C G C  T  T  
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Figure IV: Melting curves of the CIN3 probe hybridised with P. cactorum (▬), P. cinnamomi (▬), 
P. cryptogea (▬), P. erythroseptica (▬), P. infestans (▬), P. nicotianae (▬) and P. ramorum 
(▬) target DNA. Duplex signals measured in real time from 40 to 75
oC. 
 
 
 
 
 
 
 
 
 
 
Table IV: Probe sequence of P. cinnamomi targeted by the CIN3 probe compared to that of 
P. cactorum, P. cryptogea, P. infestans, P. nicotianae and P. ramorum. The corresponding T60 values 
of each probe-target duplex formed with the CIN3 probe are indicated. Nucleotides which differ 
between the target and non-target sequences are indicated (). 
Target T60  Probe Sequence 
P. cac  50  C A A A T  A  G  T  T  G  G  G  G  G  T C T T G T C  T 
P. cin  67  C A A T T  A  G  T  T  G  G  G  G  G  C  C T G C T C  T 
P. cry  40  C  T  T  A T  A  A  A  T  T  G  G  G  G  G  C T T C C  G  T 
P. inf  40  C A A - T  A  G  T  T  G  G  G  G  G  T C T T A  C  T  T 
P. nic  51  C A A - T  A  G  T  T  G  G  G  G  G  T C T T A T T  T 
P.ram  46  C  C  C T T  A  G  T  T  G  G  G  G  G  -  C T T C T G  T  
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Figure V: Melting curves of the CIN4 probe hybridised with P. cactorum (▬), P. cinnamomi (▬), 
P. cryptogea (▬), P. erythroseptica (▬), P. infestans (▬), P. nicotianae (▬) and P. ramorum 
(▬) target DNA. Duplex signals measured in real time from 40 to 75
oC. 
 
 
 
 
 
 
 
 
 
 
Table V: Probe sequence of P. cinnamomi targeted by the CIN4 probe compared to that of 
P. cactorum, P. cryptogea, P. infestans, P. nicotianae and P. ramorum. The corresponding T60 values 
of each probe-target duplex formed with the CIN4 probe are indicated. Nucleotides which differ 
between the target and non-target sequences are indicated (). 
Target T60 Probe  Sequence 
P. cac  58  G C G G C T G  C T G  C T G  -  -  - G  G  T 
P. cin  72  A C G G C T G  C T G  C T G  C G T G G C 
P. cry  40  T C G G C T G  -  - G  C T G  G  G T G G C 
P. inf  52  G C G G C T A C T G  C T G  -  -  -  G G C 
P. nic  63  G C G G C T G  C T G  C T G  -  -  -  A G T 
P. ram  50  G C G G C T G  C T G  C T G  G  G  C G G T  
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Figure VI: Melting curves of the CIN5 probe hybridised with P. cactorum (▬), P. cinnamomi (▬), 
P. cryptogea (▬), P. erythroseptica (▬), P. infestans (▬), P. nicotianae (▬) and P. ramorum 
(▬) target DNA. Duplex signals measured in real time from 40 to 75
oC. 
 
 
 
 
 
 
 
 
 
 
Table VI: Probe sequence of P. cinnamomi targeted by the CIN5 probe compared to that of 
P. cactorum, P. cryptogea, P. infestans, P. nicotianae and P. ramorum. The corresponding T60 values 
of each probe-target duplex formed with the CIN5 probe are indicated. Nucleotides which differ 
between the target and non-target sequences are indicated (). 
Target T60  Probe Sequence 
P.cac  50  C  - - - T - T  T  T  C  T  T  T  T  A  A  A  C  C  C A T T C C  T  T 
P. cin  62  C  C  - - - - T  C  T  C  T  T  T  T  A  A  A  C  C  C A T T C T  G  T 
P. ry  44  C  G  - - - - T  A  T  T  T  T  T  T  A  A  A  C  C  C A T T C C  T  A 
P. inf  40  C  - - T  T  T  T  T  T  A  T  T  T  T  A  A  A  C  C  C T T T A  C  T  T 
P. nic  51  T  C  T  T  T  T  T  T  T  C  T  T  T  T  A  A  A  C  C  C A T T C C  T  T 
P.ram  45  C  C  - - - - C  A  C  T  T  T  T  T  A  A  A  C  C  C A T T C C  T  A 
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Figure VII: Melting curves of the CRY1B probe hybridised with P. cactorum (▬), P. cinnamomi 
(▬), P. cryptogea (▬), P. erythroseptica (▬), P. infestans (▬), P. nicotianae (▬) and 
P. ramorum (▬) target DNA. Duplex signals measured in real time from 40 to 75
oC. 
 
 
 
 
 
 
 
 
 
 
Table VII: Probe sequence of P. cryptogea targeted by the CRY1B probe compared to that of 
P. cactorum, P. cinnamomi, P. infestans, P. nicotianae and P. ramorum. The corresponding T60 
values of each probe-target duplex formed with the CRY1B probe are indicated. Nucleotides which 
differ between the target and non-target sequences are indicated (). 
 
Target T60  Probe Sequence 
P. cac    G G A C T A  G  T  A  G  C  -  -  -  T  - T  T T C T T T  T 
P. cin    G G G C T A  G  T  A  G  C  C  -  - - - T  C T C T T T  T 
P. cry    G G G C T A  G  T  A  G  C  G  -  - - - T  A T T T T T  A 
P. inf    G  A G C T A  G  T  A  G  C  -  -  T  T  T  T  T T A T T T  T 
P. nic    G G T  T T A  G  T  A  G  T  C  T  T  T  T  T  T T C T T T  T 
P. ram    G  A G C T A  G  T  A  G  C  C  -  - - - C  A  C T T T T  T  
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Figure VIII: Melting curves of the CRY4 probe hybridised with P. cactorum (▬), P. cinnamomi 
(▬), P. cryptogea (▬), P. erythroseptica (▬), P. infestans (▬), P. nicotianae (▬) and 
P. ramorum (▬) target DNA. Duplex signals measured in real time from 40 to 75
oC. 
 
 
 
 
 
 
 
 
 
 
Table VIII: Probe sequence of P. cryptogea targeted by the CRY4 probe compared to that of 
P. cactorum, P. cinnamomi, P. infestans, P. nicotianae and P. ramorum. The corresponding T60 
values of each probe-target duplex formed with the CRY4 probe are indicated. Nucleotides which 
differ between the target and non-target sequences are indicated (). 
Target T60  Probe Sequence 
P.cac  48  A  G C T A G T  A  G  C  - - -  T  - T  T  T  C  T T T T A A A  C  C 
P.cin  47  A  G C T A G T  A  G  C  G  - -  - - T  C  T  C  T T T T A A A  C  C 
P.cry  63  G  G C T A G T  A  G  C  G  - -  - - T  A  T  T  T T T T A A A  C  C 
P.inf  50  A  G C T A G T  A  G  C  - - T  T  T  T  T  T  A  T T T T A A A  C  C 
P.nic  40  A  T  T T A G T  A  G  T  C  T  T  T  T  T  T  T  C  T T T T A A A  C  C 
P.ram  54  A  G C T A G T  A  G  C  C  - -  - - C  A  C  T  T T T T A A A  C  C  
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Figure IX: Melting curves of the CRY6 probe hybridised with P. cactorum (▬), P. cinnamomi 
(▬), P. cryptogea (▬), P. erythroseptica (▬), P. infestans (▬), P. nicotianae (▬) and 
P. ramorum (▬) target DNA. Duplex signals measured in real time from 40 to 75
oC. 
 
 
 
 
 
 
 
 
 
 
Table IX: Probe sequence of P. cryptogea targeted by the CRY6 probe compared to that of 
P. cactorum, P. cinnamomi, P. infestans, P. nicotianae and P. ramorum. The corresponding T60 
values of each probe-target duplex formed with the CRY6 probe are indicated. Nucleotides which 
differ between the target and non-target sequences are indicated (). 
Target T60  Probe Sequence 
P. cac   G   A  G  C G  T  T  T  G  G  G  C  T  T  C  -  -  -  -  - - - G  G  C  C  T 
P. cin    A  G  C  G  -  T  T  T  G  G  G  T  C  C  C  T  C  T  C  G  G  G  G  A  A  C  T 
P. cry   G   A C C G  C  T  T  G  G  G  C  C  T  C  -  -  -  -  - - - G  G  C  C  T 
P. inf    G  A  G  C G  T  T  T  G  G  A  C  T  T  C  -  -  -  -  - - - G  G  T  C  T 
P. nic   G   A  A C G  T  T  T  G  G  G  C  T  T  C  -  -  -  -  - - - G  G  C  C  T 
P.ram   G   A  G  C G  C  T  T  G  A  G  C  C  T  T  -  -  -  -  - - - C G  G  G  T  
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Figure X: Melting curves of the ERY1 probe hybridised with P. cactorum (▬), P. cinnamomi (▬), 
P. cryptogea (▬), P. erythroseptica (▬), P. infestans (▬), P. nicotianae (▬) and P. ramorum 
(▬) target DNA. Duplex signals measured in real time from 40 to 75
oC. 
 
 
 
 
 
 
 
 
 
 
Table X: Probe sequence of P. cryptogea targeted by the ERY1 probe compared to that of 
P. cactorum, P. cinnamomi, P. infestans, P. nicotianae and P. ramorum. The corresponding T60 
values of each probe-target duplex formed with the ERY1 probe are indicated. Nucleotides which 
differ between the target and non-target sequences are indicated (). 
Target T60  Probe Sequence 
P. cac    G  C  T T T  A  T  C  G  A  C  G  G  C  T  G  C  T G  C T G  C  T 
P. cin    T  C  A  A  A  G  T  C  G  A  C  G  G  C  T  G  C  T G  C T G  C  G 
P. cry    C G G T T  T  T  C  G  G  C  T  G  - - - - - G  C  T G  G  G 
P. inf    G G C T A  A  T  T  G  C  T  G  G  C  G  G  C  T  A C T G  G  G 
P. nic    G G C T A  A  T  T  G  T  T  G  G  C  G  G  C  T G  C T G  C  T 
P. ram    G G C  -  - T  T  C  G  G  C  T  G  - - - - - G  C  T G  G  G  
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Figure XI: Melting curves of the INF2 probe hybridised with P. cactorum (▬), P. cinnamomi (▬), 
P. cryptogea (▬), P. erythroseptica (▬), P. infestans (▬), P. nicotianae (▬) and P. ramorum 
(▬) target DNA. Duplex signals measured in real time from 40 to 75
oC. 
 
 
 
 
 
 
 
 
 
 
Table XI: Probe sequence of P. infestans targeted by the INF2 probe compared to that of 
P. cactorum, P. cinnamomi, P. cryptogea, P. nicotianae and P. ramorum. The corresponding T60 
values of each probe-target duplex formed with the INF2 probe are indicated. Nucleotides which 
differ between the target and non-target sequences are indicated (). A single nucleotide difference 
between P. infestans and P. nicotianae is also indicated (). 
Target T60 Probe  Sequence 
P. cac  49  G G G G G  T C T T G  T  C T G  G -  T G G  C 
P. cin  50  G G G G G  C C T G  C  T  C T G  G  G C G G  C 
P. cry  50  T G G G G  G  C T T C C G T  C  T  -  G G C C 
P. inf  66  G G G G G  T C T T A C T T G  G -  C G G  C 
P. nic  57  G G G G G  T C T T A T T T G  G -  C G G  C 
P. ram  43  G G G G G  - C  T T C  T  G T  -  -  -  -  -  T C 
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Figure XII: Melting curves of the INF3 probe hybridised with P. cactorum (▬), P. cinnamomi 
(▬), P. cryptogea (▬), P. erythroseptica (▬), P. infestans (▬), P. nicotianae (▬) and 
P. ramorum (▬) target DNA. Duplex signals measured in real time from 40 to 75
oC. 
 
 
 
 
 
 
 
 
 
 
Table XII: Probe sequence of P. infestans targeted by the INF3 probe compared to that of 
P. cactorum, P. cinnamomi, P. cryptogea, P. nicotianae and P. ramorum. The corresponding T60 
values of each probe-target duplex formed with the INF3 probe are indicated. Nucleotides which 
differ between the target and non-target sequences are indicated (). 
Target T60  Probe Sequence 
P. cac  52  C C C T A  T  C  A  T  - - - - -  - G  G C G A G C  G  T 
P. cin  50  C C C T A  T  C  A  C  T  - - - -  - G  G C G A G C  G  T 
P. cry  40  C  T C T A  T  C  A  T  - - - - -  - G  G C G A C C  G  C 
P. inf  66  C C C T A  T  C  A  A  - - - - A  A  G  G C G A G C  G  T 
P. nic  49  C C C T A  T  C  A  A  A  A  A  A  A  A  G  G C G A A C  G  T 
P.ram  43  C  T C T A  T  C  A  T  - - - - -  - G  G C G A G C  G  C  
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Figure XIII: Melting curves of the INF4 probe hybridised with P. cactorum (▬), P. cinnamomi 
(▬), P. cryptogea (▬), P. erythroseptica (▬), P. infestans (▬), P. nicotianae (▬) and 
P. ramorum (▬) target DNA. Duplex signals measured in real time from 40 to 75
oC. 
 
 
 
 
 
 
 
 
 
 
Table XIII: Probe sequence of P. infestans targeted by the INF4 probe compared to that of 
P. cactorum, P. cinnamomi, P. cryptogea, P. nicotianae and P. ramorum. The corresponding T60 
values of each probe-target duplex formed with the INF4 probe are indicated. Nucleotides which 
differ between the target and non-target sequences are indicated ().A single nucleotide difference 
between P. infestans andP. nicotianae is also indicated (). 
Target T60  Probe Sequence 
P. cac    T C T T G  T  C  T  G  G  -  T  G  G  C  G G C T G C  T 
P. cin    C C T G  C  T  C  T  G  G  G  C  G  G  C  G G C T G T  C 
P. cry    G C T T  C  C  G  T  C  T  -  G  G  C  C  G G C C G -  - 
P. inf    T C T T A  C  T T  G  G  - C  G  G  C  G G C T G C  T 
P. nic    T C T T A  T  T T  G  G  - C  G  G  C  G G C T G C  T 
P. ram    - C  T T C  T  G  T  -  -  -  -  -  T  C  G  G  C T G  -  -  
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Figure XIV: Melting curves of the INF5 probe hybridised with P. cactorum (▬), P. cinnamomi 
(▬), P. cryptogea (▬), P. erythroseptica (▬), P. infestans (▬), P. nicotianae (▬) and 
P. ramorum (▬) target DNA. Duplex signals measured in real time from 40 to 75
oC. 
 
 
 
 
 
 
 
 
 
 
Table XIV: Probe sequence of P. infestans targeted by the INF5 probe compared to that of 
P. cactorum, P. cinnamomi, P. cryptogea, P. nicotianae and P. ramorum. The corresponding T60 
values of each probe-target duplex formed with the INF5 probe are indicated. Nucleotides which 
differ between the target and non-target sequences are indicated (). A single nucleotide difference 
between P. infestans andP. nicotianae is also indicated (). 
Target T60  Probe Sequence 
P. cac  53  G G G G  G  T C T T G  T  C T G  G -  T G G C G 
P. cin  40  G G G G  G  C C T G  C  T  C T G  G  G C G G C G 
P. cry  46  T G G G  G  G  C T T C C G  T  C  T - G G C C G 
P. inf  69  G G G G  G  T C T T A C T T G  G -  C G G C G 
P. nic  63  G G G G  G  T C T T A T T T G  G -  C G G C G 
P. ram  45  G G G G  G  - C  T T C  T  G  T  -  - - -  -  T C G  
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Figure XV: Melting curves of the INF6 probe hybridised with P. cactorum (▬), P. cinnamomi 
(▬), P. cryptogea (▬), P. erythroseptica (▬), P. infestans (▬), P. nicotianae (▬) and 
P. ramorum (▬) target DNA. Duplex signals measured in real time from 40 to 75
oC. 
 
 
 
 
 
 
 
 
 
 
Table XV: Probe sequence of P. infestans targeted by the INF6 probe compared to that of 
P. cactorum, P. cinnamomi, P. cryptogea, P. nicotianae and P. ramorum. The corresponding T60 
values of each probe-target duplex formed with the INF6 probe are indicated. Nucleotides which 
differ between the target and non-target sequences are indicated (). 
Target T60  Probe Sequence 
P. cac  55  C C C T A T  C  A  T  -  -  -  -  -   G   G  C  G  A G  C G  T  T  T 
P. cin  52  C C C T A T  C  A  C  T  -  -  -  -  -  G  G  C  G  A G  C G  T  T  T 
P. cry  40  C  T C T A T  C  A  T  -  -  -  -  -  -  G  G  C  G  A  C C G  C  T  G 
P. inf  67  C C C T A T  C  A  A  -  -  -  -  A  A  G  G  C  G  A G  C G  T  T  T 
P. nic  51  C C C T A T  C  A  A  A  A  A  A  A  A  G  G  C  G  A  A C G  T  T  T 
P. ram  41  C  T C T A T  C  A  T  -  -  -  -  -  -  G  G  C  G  A G  C G  C  T  T  
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Figure XVI: Melting curves of the NIC1 probe hybridised with P. cactorum (▬), P. cinnamomi 
(▬), P. cryptogea (▬), P. erythroseptica (▬), P. infestans (▬), P. nicotianae (▬) and 
P. ramorum (▬) target DNA. Duplex signals measured in real time from 40 to 75
oC. 
 
 
 
 
 
 
 
 
 
 
Table XVI: Probe sequence of P. nicotianae targeted by the NIC1 probe compared to that of 
P. cactorum, P. cinnamomi, P. cryptogea, P. infestans and P. ramorum. The corresponding T60 values 
of each probe-target duplex formed with the NIC1 probe are indicated. Nucleotides which differ 
between the target and non-target sequences are indicated (). 
Target T60  Probe Sequence 
P. cac  40  C C T A T  C  A  T  -  -  -  -  -  - G  G C G A G C  G 
P. cin  40  C C T A T  C  A  C  T  -  -  -  -  - G  G C G A G C  G 
P. cry  40  T C T A T  C  A  T  -  -  -  -  -  - G  G C G A C C  G 
P. inf  47  C C T A T  C  A  A  -  -  -  - A  A  G  G C G A G C  G 
P. nic  64  C C T A T  C  A  A  A  A  A  A  A  A  G  G C G A A C  G 
P. ram  40  T C T A T  C  A  T  -  -  -  -  -  - G  G C G A G C  G  
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Figure XVII: Melting curves of the NIC3B probe hybridised with P. cactorum (▬), P. cinnamomi 
(▬), P. cryptogea (▬), P. erythroseptica (▬), P. infestans (▬), P. nicotianae (▬) and 
P. ramorum (▬) target DNA. Duplex signals measured in real time from 40 to 75
oC. 
 
 
 
 
 
 
 
 
 
 
Table XVII: Probe sequence of P. nicotianae targeted by the NIC3B probe compared to that of 
P. cactorum, P. cinnamomi, P. cryptogea, P. infestans and P. ramorum. The corresponding T60 values 
of each probe-target duplex formed with the NIC3B probe are indicated. Nucleotides which differ 
between the target and non-target sequences are indicated (). 
Target T60  Probe Sequence 
P. cac  48  C T -  T C G  G  C  -  -  -  -  C  T  G  A  G  C  T A G C  T  T  T 
P. cin  40  C T C T C G  G  G  G  G  A  A  C  T  G  A  G  C  T A G C  C  T  C 
P. cry  40  C  C -  T C G  G  C  -  -  -  -  C  T  G  G  G  C  T A G C  G  T  A 
P. inf  44  C T -  T C G  G  T  -  -  -  -  C  T  G  A  G  C  T A G C  T  T  T 
P. nic  63  C T -  T C G  G  C  -  -  -  -  C  T  G  A  T  T  T A G T A G  T 
P.ram  40  C T -  T C G  G  G  T  -  -  -  C  T  G  A  G  C  T A G C  C  C  A  
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Figure XVIII: Melting curves of the NIC4 probe hybridised with P. cactorum (▬), P. cinnamomi 
(▬), P. cryptogea (▬), P. erythroseptica (▬), P. infestans (▬), P. nicotianae (▬) and 
P. ramorum (▬) target DNA. Duplex signals measured in real time from 40 to 75
oC. 
 
 
 
 
 
 
 
 
 
 
Table XVIII: Probe sequence of P. nicotianae targeted by the NIC4 probe compared to that of 
P. cactorum, P. cinnamomi, P. cryptogea, P. infestans and P. ramorum. The corresponding T60 values 
of each probe-target duplex formed with the NIC4 probe are indicated. Nucleotides which differ 
between the target and non-target sequences are indicated (). 
Target T60  Probe Sequence 
P. cac  63  G T C T T  G  T  C  T  G  G  -  T  G  G  C  G G C T G  C  T 
P. cin  61  G  C C T G  C  T  C  T  G  G  G  C  G  G  C  G G C T G  C  T 
P. cry  55  G  G C T  T  C  C  G  T  C  T  -  G  G  C  C  G G C C G  -  - 
P. inf  66  G T C T T  A  C  T  T  G  G  - C  G  G  C  G G C T G  C  T 
P. nic  71  G T C T T  A  T  T  T  G  G  - C  G  G  C  G G C T G  C  T 
P. ram  52  G  - C  T T  C  T  G  T  -  - - -  -  T  C  G G C T G  -  -  
  217
 
 
20
40
60
80
100
120
140
40 45 50 55 60 65 70 75
Melting Temperature (
oC)
H
y
b
r
i
d
i
s
a
t
i
o
n
 
S
i
g
n
a
l
 
(
%
 
I
n
t
e
r
n
a
l
 
S
t
a
n
d
a
r
d
)
 
Figure XIX: Melting curves of the RAM2 probe hybridised with P. cactorum (▬), P. cinnamomi 
(▬), P. cryptogea (▬), P. erythroseptica (▬), P. infestans (▬), P. nicotianae (▬) and 
P. ramorum (▬) target DNA. Duplex signals measured in real time from 40 to 75
oC. 
 
 
 
 
 
 
 
 
 
Table XIX: Probe sequence of P. ramorum targeted by the RAM2 probe compared to that of 
P. cactorum, P. cinnamomi, P. cryptogea, P. infestans and P. nicotianae. The corresponding T60 
values of each probe-target duplex formed with the RAM2 probe are indicated. Nucleotides which 
differ between the target and non-target sequences are indicated (). 
Target T60  Probe Sequence 
P. cac  40  G A G C G  T  T  T  G  G  G  - - - C  T  - T C  G  G  C 
P. cin  40  G A G C G  T  T  T  G  G  G  T  C  C  C  T  C T C G G G 
P. cry  40  G A C C G  C  T  T  G  G  G  - - - C  C  - T C  G  G  C 
P. inf  40  G A G C G  T  T  T  G  G  A  - - - C  T  - T C  G  G  T 
P. nic  40  G A A C G  T  T  T  G  G  G  - - - C  T  - T C  G  G  C 
P. ram  68  G A G C G  C  T  T  G  A  G  - - C  C  T  - T C  G  G  G  
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Figure XX: Melting curves of the RAM3 probe hybridised with P. cactorum (▬), P. cinnamomi 
(▬), P. cryptogea (▬), P. erythroseptica (▬), P. infestans (▬), P. nicotianae (▬) and 
P. ramorum (▬) target DNA. Duplex signals measured in real time from 40 to 75
oC. 
 
 
 
 
 
 
 
 
 
Table XX: Probe sequence of P. ramorum targeted by the RAM3 probe compared to that of 
P. cactorum, P. cinnamomi, P. cryptogea, P. infestans and P. nicotianae. The corresponding T60 
values of each probe-target duplex formed with the RAM3 probe are indicated. Nucleotides which 
differ between the target and non-target sequences are indicated (). 
Target T60  Probe Sequence 
P. cac    G C G T T  T  G  G  G  - - - C  T  - T  C G G C  C C  T 
P. cin    G C G T T  T  G  G  G  T  C  C  C  T  C  T  C G G G G  G  G 
P. cry    C C G C T  T  G  G  G  - - - C  C  - T  C G G C  C C  T 
P. inf    G C G T T  T  G  G  A  - - - C  T  - T  C G G T  C  T  G 
P. nic    A C G T T  T  G  G  G  - - - C  T  - T  C G G C  C C  T 
P. ram    G C G C T  T  G  A  G  - - C  C  T  - T  C G G G T  C  T  
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Figure XXI: Melting curves of the PHYT1 probe hybridised with P. cactorum (▬), P. cinnamomi 
(▬), P. cryptogea (▬), P. erythroseptica (▬), P. infestans (▬), P. nicotianae (▬) and 
P. ramorum (▬) target DNA. Duplex signals measured in real time from 40 to 75
oC. 
 
 
 
 
 
 
 
 
 
Table XXI: Probe sequence targeted by the PHYT1 probe compared to that of P. cactorum, 
P. cinnamomi, P. cryptogea, P. infestans, P. nicotianae and P. ramorum. The corresponding T60 
values of each probe-target duplex formed with the PHYT1 probe are indicated.  
Target T60  Probe Sequence 
P. cac  63  G C T T T T A A C T A G A T A G C A A C T T T C
P. cin  63  G C T T T T A A C T A G A T A G C A A C T T T C
P. cry  63  G C T T T T A A C T A G A T A G C A A C T T T C
P. inf  63  G C T T T T A A C T A G A T A G C A A C T T T C
P. nic  64  G C T T T T A A C T A G A T A G C A A C T T T C
P.ram  62  G C T T T T A A C T A G A T A G C A A C T T T C
 
 